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PREFACE 



The widely prevalent belief that continuous and alternating cur- 
rents are not subject to the same general laws, is entirely errone- 
ous. The principles and laws which relate to the flow of continu- 
ous currents also govern the flow of alternating currents. 

This volume, which is offered as a text for the use of students 
pursuing either electrical or non-electrical engineering courses, is 
the result of the writer's class-room experience, and seeks to em- 
phasize the fact that continuous and alternating currents are gov- 
erned by the same laws. To this end the fundamental laws of the 
electric circuit are fully developed before any study of machines is 
attempted. With a thorough knowledge of the electric circuit 
as a foundation, the student should have little trouble in compre- 
hending the physical phenomena taking place in the more common 
tjpes of electrical apparatus. 

The student is expected to be familiar with trigonometry, and a 
knowledge of calculus will be found advantageous but not indis- 
j>ensable. The mathematical developments of the formulae for the 
calculation of inductance and capacitance have been placed in 
appendices at the back. These and other portions of the text may 
be omitted when, for lack of time or for any other reason, it is 
necessary to shorten the course. 

The fact that the ideas advanced in this voliune have developed 
with the science of Electrical Engineering, and may be regarded 
as the common property of the science, would make any attempt 
to give specific credit burdensome (and often impossible), but the 
writer wishes to specifically acknowledge his indebtedness to both 
standard and current literature, particularly to those works listed 
on page 333. Students desiring a more detailed discussion of 
particular subjects are referred to this list. 

The writer also wishes to express his obligation to the following 
men, each of whom read all or part of the manuscript, and ofTcred 
valuable suggestions for its improvement: Professor C. M. Jan- 

••• 
lU 
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sky, of the University of Wisconsin; Professor H. H. Higbie, 
Professor A. H. Lovell, Mr. A. H. Stang and Mr. W. L. Bice, of 
the University of Michigan. 

Some idea of the practical construction of electrical machinery 
and instruments is given by means of a limited number of illustra- 
tions of actual apparatus. These illustrations are offered through 
the courtesy of the manufacturers. 

J. F. W. 

Ann Arbor, Mich. 
June, 19 1 5. 
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NOTATION * 



A = area. 

B = magnetic flux density. * 

b = susceptance. 

C = capacitance (electrostatic capacity). 
D = electrostatic flux density. 

e = electromotive force, instantaneous alternating electromotive force. 
Em = maximum alternating electromotive force. 
E = continuous electromotive force, effective alternating electromotive force. 

/ = frequency, force. 
Jjp = magnetomotive force. 
F = electrostatic field intensity. 

g = conductance. 
H = magnetic field intensity, magnetizing force. 

i = instantaneous current. 
Im == maximum alternating current. 

/ = continuous current, effective alternating current. 
K = dielectric constant. 
kva = kilovolt-ami>eres. 
kw = kilowatts. 

L = inductance. 

/ = length. 
m = unit magnet pole. 

n = speed (revolutions i>er second). 

A' = number of armature conductors, number of turns in a winding. 
P = pKDwer in continuous-current circuit, average power in alternating-current 
circuit. 

p = number of poles on a dynamo, instantaneous power in alternating-current 

circuit. 
p' = number of paths into which an armature winding is divided. 
q, Q ^ quantity of electricity. 
R = resistance. 
C^ = reluctance. 

s = slip of an induction motor. 

t = time. 

T = torque, temperature. 

V = velocity, volume. 
W = work. 

X = reactance. 

Y = admittance. 
Z = impedance. 
CK 3= an angle. 

• Based on the report of the Standardization Committee of the American Institute 
of Electrical Engineers (1915). 

vu 



vm NOTATION 

/3 B an angle. 

= magnetic flux, an angle. 

9 — an angle. 

^ « dielectric flux. 

M — permeability. 

a» = angular velocity (radians per second). 

p — resistivity. 
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CHAPTER I 
THE ELECTRIC CIRCUIT 

1. Introdnctioii. — The ultimate nature of dcctrkity has never 
been discovered but it is generally conceived to be a medium, 
without weight or form, by means of which the energ>' of heat or 
motion may be transferred from one point to another. By means 
of this medium the energy of motion^ as developed by the electric 
generator, may be transferred and caused to restppeai at some dis- 
tant point in the form of motion (the electric motor), or as heat (the 
electric lamp). This conception of electricity is upheld by the 
similarity of an electric and a hydraulic system. 

Contrary to a widely prevalent belief, electricity b not erratic in 
its action but is governed by simple and well-defined laws. In the 
following pages the fundamental laws of the electric circuit are de- 
vel(^>ed, and the physical phenomena 
which take place in the more common 
types of electrical apparatus explained. 

2. The electric current. — The elec- 
tric circuit (Fig. i) is analogous, in 

^ ^ til- . Fic. I- The Electric Circuit. 

many res[>ects, to a hydrauhc system, 

consisting of the pump and pipe connections shown in Fig. 2. 
The rotary pump indicated in Fig. 2a produces a continuous and 
.-^ ^ imiform flow of water in the direction indi- 
cated by the arrows ; the piston pump indicated 
ii in Fig. 2b produces a flow which is alwaj's in 
the direction indicated by the arrows but 
which is not imiform, i.e,, when the piston 
Fig. 2a- Hydraulic Anal- speed is reduced and its motion reversed at the 
ogy for CoDtinuous end of the Stroke, the flow of water slackens or 
Currents. ceases altogether; the valveless pump indi- 
cated in Fig. 2C produces a flow which is not constant, either in 
direction or in value, but surges first in one direction and then in 
the other through the system. 
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Similarly the construction of the generator determines the char- 
acteristics of the electric current flowing in the circuit. Electric 

currents may be divided into 
three classes: (a) continuous, 
(b) pulsating, (c) alternating. 

(a) Continuous currents, — 
When the current in a given 
circuit flows continuously in 
one direction and the rate of 
flow is uniform, it is said to be 
a "continuous current" and is 




Piston 
"' Pump 



Fig. 2b. Hydraulic Analogy for Pulsating 

Currents. 



Valve/ess 
Pump 



Fig. 2c. Hydraulic /Vnalogy for Alternating 

Currents. 



commonly called a " direct 
current." The voltaic cell 
and certain forms of the electric generator cause a unidirectional 
current to flow at an approximately constant rate and are, there- 
fore, continuous-current appa- 

ratus. ' 

ib) Pulsating currents, — 
If the current in a given cir- 
cuit flows in one direction 
but at a momentarily chang- 
ing rate, it is a ** pulsating 
current." Pulsating currents 
are largely used in telephone 
work and in telegraphy. 

(c) Alternating currents. — When the current in a given circuit, 
starting at zero, increases to maximum, decreases to zero, increases 
to maximum in the opposite direction, and again decreases to zero 
(the process being repeated periodically), it is an *' alternating cur- 
rent." The wave forms produced by commercial alternators vary 
greatly, but comparisons and mathematical calculations, unless 
specifically stated otherwise, are based on the harmonic or sine wave 
form.* While this wave form is seldom or never attained, its as- 
sumption is usually sufficiently accurate for practical purposes. 
Calculations for the actual form of the wave may become extremely 
complicated. 

3. Manifestations of the electric current. — The presence of an 
electric current is made manifest in a number of ways. The prin- 

* See Appendix A. ^ 
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dpal eflfects of the electxic current with which the electrical engi- 
neer is concerned are: (a) chemical, (6) magnetic and {c) heating. 

(a) Chemical effect, — When water containing a small quantity 
of acid forms part of a circuit carr>'ing a unidirectional current, 
bubbles may be seen to rise through the liquid. When the gases 
causing these bubbles are collected, they are found to be oxygen and 
hydrogen, the elements which enter into chemical combination to 
form water. The same action takes place in a circuit carrying 
alternating current, but each half cycle destroys the chemical effect 
ot the preceding half cycle so that the net effect is zero. Hence, 
alternating currents are not used when chemical effects are desired. 
(5) Magnetic efect. — A current-carrying conductor exhibits all 
the characteristics of a magnet in that it attracts pieces of iron, 
and is attracted to or repelled from a magnet or another current- 
carrying conductor. Attraction or repulsion takes place accord- 
ing to the polarity of the magnet, or the relative directions of the 
currents in the conductors. This magnetic effect is intensified if 
the conductor is in the form of a spiral. It is still further increased 
if the spiral is woimd about an iron core. 

W Heating efect, — When an electric current flows in a wire, heat 
is liberated. The heating may be so slight as to be unnoticed as in 
the ordinary electric bell circuit, or so great as to heat the conductor 
to incandescence as in the electric glow lamp. Light is not a direct 
naanifestation of the electric current, but is due to the high tempera- 
ture to which the current heats the conductor. 

4* Series circuits. — A series circuit, represented in Fig. 3a, is 
one in which the entire current in the circuit flows successively 
through each piece of apparatus. The commercial application of 
the series circuit is somewhat limited, the most common use being 
in connection with street and other outdoor lighting. 

Load I A |fl(X7<yf j 

o o o— ' I 1 1 i - 



<a) (b) 

Fig. 3. Series and Parallel Circuits. 



5» Parallel circuits. — A parallel or multiple circuit, represented 
itt Fig. 3b, is one in which the current divides and flows through 
two or more branches. The current in each branch of a parallel 
circuit is independent of that in the other branches. Motors are 
Always connected in parallel. 
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6. Electric units.'*' — The units of the electric system are: (a) the 
ohm, (b) the ampere, (c) the volt, (d) the coulomb, (e) the joule and 
(/) the watt. 

(a) The ohm. — The opposition to the flow of an electric current 
is measured in ohms. The standard ohm is represented by the 
opposition offered to an unvarying electric current by a colimin 
of mercury at a temperature of melting ice, 14.4521 grams in 
mass, of a constant cross section, and of the length 106.3 centi- 
meters. 

(b) The ampere, — The rate at which electricity is transferred is 
measured in amperes, analogous to miner's inches or gallons per 
second, and the ampere is represented by the unvarying current 
which, when passed through a standard solution of nitrate of 
silver in wat-er, deposits silver at the rate of 0.001118 gram per 
second. 

(c) The volt, — The force which causes or tends to cause an elec- 
tric current to flow is termed an "electromotive force," the unit of 
which, the volt, is the electromotive force that, steadily applied 
to a conductor whose resistance is one ohm, produces a current of 
one ampere. 

(d) The coulomb, — Quantity of electricity is expressed in cou- 
lombs, analogous to gallons or cubic feet, and one coulomb is 
the quantity of electricity transferred in one second by a current 
of one ampere. 

(e) The joule, — The unit of energy or work in the electric system 
is the joule, and is the energy expended in one second when a current 
of one ampere flows in a circuit having a resistance of one ohm. 
The energy equivalent of one jouje has been experimentally deter- 
mined to be 

= 0.24 calorie. 
' = 0.00095 B.T.U. 
= 0.737 foot-pound. 
= 10,000,000 ergs. 

(/) The watt. — The watt, which is the unit of electrical power, is 
represented by the expenditure of one joule in one second. Sinc^ 

* There is a definite relation between the c.g.s. units (the so-called absolute units) 
and the ohm, the ampere and the volt, but these units are to be regarded as arbitrary 
units, similar to the foot and the pound, which have been adopted by intemation^ 
agreement, and legalized by statutory enactment. 
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the energy equivalent of one joule is 0.737 foot-pound, and 550 
foot-pounds per second equal one horse power, 

h.p. = -550. 
0.737 
= 746 watts. 

The kilowatt (kw.) is a commonly used imit of power and is 
equal to 1000 watts. 

7. Resistance. — Resistance is the inherent property of a ma- 
terid7f\dch opposes the flow of an electric current, and by virtue of 
whidi electrical energy is converted into heat. It is analogous, in 
many respects, to mechanical friction, and has been experimen- 
tally determined to be directly proportional to length, and in- 
versely proportional to cross-sectional area. 

area 

The unit of length commonly used is the foot; that of area, the 
circular mil. The constant p is, then, the resistance in ohms of a 
section of the material one foot long and having a cross-sectional 
area of one circular mil. The average value of p for commercial 
copper may be taken as 10.8 at ordinary temperatures (25° C). 

Materials whose resistivity is low, such as copper, silver, alumi- 
num, etc., are known as conductors; those whose resistivity is 
lugh, such as glass, rubber, mica, porcelain, etc., are known as 
insulators. 

8- Circular mil. — The circular mil is an arbitrary unit of area 
much used in electrical calculations. Since electrical conductors 
are largely circular in cross section, it is convenient to have a unit 
of area that bears a simple relation to the diameter of a circle. The 
areaof a circular cross section, in circular mils, is obtained by squar- 
J^ the diameter in thousandths of an inch (mils). Hence, the area 
ni circular mils is to the area in square measure as 4 is to t. 

area in circular mils 4 / \ 

(2) 



area in millionths of a square inch x 

9. Temperature coefficient. — An increase in the temperature 
^ a copper wire causes its resistance to increase. The ratio of 
the change in the resistance of a conductor, per degree change in 
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its temperature, to its resistance at its initial temperature, is its 
temperature coefficient. The temperature coefficient of most 
materials is not constant, but changes with the temperature. By 
reference to Table I it will be found that the temperature coeffi- 
cient of copper decreases as the temperature increases. 









TABLE I 
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R = the resistance at temperature T "C. 
Rt = the resistance at temperature (7" zt 0- 

a = the temperature coefScient at temperature T °C, 

/ = the change in temperature. 

The resistance of some materials, of which carbon is an example, 
decreases as the temperature increases. Glass, at ordinary tem- 
peratures, has a very liigh resistivity, but in the liquid state its re- 
sistivity is comparatively low. These materials are said to have 
negative temperature coefficients. Certain metallic alloys have a 
practicaUy constant resistance over a wide range of temperature. 

10. Ohm's Law. — TJie electromotive Jorce required lo overcome 
the opposition du£ lo the resistance of any circuit is proportional la the 
current jlowing in the circuit. j 

When the electromotive force (e) is expressed in volts and the • 
current (i) in amperes, the proportionality factor {R) is in ohms. 



^ Ri. 



J 



f 
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The experimental fact stated above is the first fundamental law 

of the electric circuit and was first demonstrated and enunciated by 

Dr. G. S. Ohm. It applies equally to continuous, pulsating and 

alternating currents. 

II. Inductance. — That property of a body which tends to main- 

* tain any existing state or condition of motion of the body is termed 

I Its inertia. The force (/) required to neutralize the effect of inertia 

I is proportional to the rate at which the speed or velocity of the body 

changes, and the proportionality factor (M) is the mass of the body. 

When the velocity of a body is changed from F' to F" in t seconds 

av./ = — ^ — -^ '- , (4) 

and f = M X rate at which V changes. (5) 

Suppose the speed of a steam engine is increased from 100 r.p.m. to 
2oor.p.m. in 10 seconds. A force is required to overcome the inertia 
of the flywheel and other rotating parts, but the energy- used in 
causmg the speed of the engine to increase is stored as kinetic energy 
in the rotating parts, and is returned to the system when the engine 
speed decreases to its original value. Therefore, the net expendi- 
ture of energy due to the inertia of the moving parts of a machine is 
zero when the final state of motion is the same as the initial state. 

An electric circuit has a property, similar to that of inertia, which 
tends to maintain any state or condition of current flowing in the 
circuit. The electromotive force (e) required to overcome the efTect 
of this property and cause the current to increase or decrease, is 
proportional to the rate at which the current changes, and the 
proportionality factor (L) is the inductance of the circuit. The 
^t of mductance is the henry. When the current in a circuit is 
changed from i' to i" in / seconds 

av. e = L > (6) 

^d e = L X rate at which i changes. (7) 

It is evident that the energy expended in causing a current to 

increase is equal and opposite to that expended in causing it to 

decrease to its original value. Therefore, the net expenditure of 

energy due to the inductance of an electric circuit is zero when the 

final current is equal to the initial current. 
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12. Capacitance. — In the system shown in Fig. 4, consisting of a. 
pump, pipe connections, and a cylinder across which is stretched an' 
elastic membrane, the pressure set up by the pump stresses the 

membrane until the reaction due to the 
stress is equal to the pressure of the piunp, 
and the quantity of water displaced or] 
stored is proportional to the pressure. 

gallons = constant X pressure. (8) 




S\ 



^Iind9r 



fiimp 



Fig. 4. Mechanical Anal- jf ^j^^ pressure due to the pump decreases, 

ogy of Capacitance. ^i.^.^r , ui j 

the stress m the membrane becomes less, and 
energy which tends to maintain the original pressure set up by the 
pump, is returned to the system. 

An electric condenser consists, essentially, of two conductois 
separated by an insulating material, or dielectric. In the system 
shown in Fig. 5, the generator sets up 
a pressure which stresses the dielectric 
separating the plates PP until the 
reaction equals the electromotive force Z^tJ^ 
of the generator, and the quantity of 
electricity displaced or stored is pro- ^'^' 5- Electric Capacitance. 

portional to the electromotive force {e) of the generator. The 
proportionality factor (C) is termed the capacitance of the con- 
denser. The unit of capacitance is the farad. 



t 
■ 

P 

P 



q = Ce, 



(9) 



When the applied electromotive force is changed from e' to e" in 
/ seconds 



av. i = C 



e — e 
i 



and 



i = C X rate at which e changes. 



(10) 

(n) 



If the electromotive force of the generator decreases, energy is re- 
turned to the system and tends to maintain the electromotive force 
of the system at its former value, the stress in the dielectric being 
reduced proportionately. The energy returned to the system 
when the condenser is completely discharged is equal to the energy 
stored, the condenser being so constructed that the losses are 
negligible. 
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13. Alternating-current circuits containing resistance only. — 
From equation (3) 

e^Ri (12) 

= Rim sin cot, (13) 

ix.y the current and the electromotive force in an alternating- 
current circuit containing resistance only, are in phase as shown in 
Pig. 6a. 

14. Alternating-current circuits containing inductance only. — 
Since the electromotive force required to overcome the effects of 
Inductance is proportional to the rate at which the current changes, 
the electromotive force required to overcome the inductance of an 
alternating-current circuit in which the 
current varies harmonically is <«> ^ 



90" 



e = a>LIm sin («/ + 90°),* (14) 1 — r^-^ 

s.e., the current and the electromotive 

force in an alternating-current circuit ^^* 

\ «w.««^:.«:«» :«^„^*««^« ^«k, ««« ^^ f^c. 6a. Vectors of Current and 

\ contammg mductance only, are 00 ^i . . ,r x- 

° J ^ ^ Electromotive Force in a Non- 

degrees out of phase, and the current inductive Circuit. 

lags behind the appUed electromotive Fig. 6b. Vectors of Current and 
force as shown in Fig. 6b. Electroniotive Force in an In- 

rrii . 1 r • / o\ ductive Circuit. 

The maximum value of sm («/ + 90 ) pic. 6c. Vectors of Current and 

equals I, and Electromotive Force in a Capaci- 

Em = coZ/m. (is) tive Circuit. 

The quantity wZ is termed the inductive reactance of an alter- 
nating-current drcuit and is expressed in ohms. (Symbol Xl^ 

15. Alternating-current circuits containing capacitance only. — 
Since the quantity of electricity displaced in a condenser circuit is 
proportional to the applied electromotive force, the current (rate 
of displacement) in the circuit is proportional to the rate of change 
in the electromotive force. When the electromotive force varies 
harmonically 

i = a)C£« sin («/ + 90°),* (16) 

»^., the current and the electromotive force in an alternating-current 
circuit containing capacitance only, are 90 degrees out of phase, and 
the current leads the applied electromotive force as shown in Fig. 6c. 

• See Appendix A, Section 7. 
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The maximum value of sin («/ + 90°) equals i, 



/» 


= «C£« 


£« 





(17) 



and E^ = -~- (i8) 

The quantity -7; is termed the capacitive reactance * of an alter- 

nating-current circuit and is expressed in ohms. (Symbol A^.*) 

16. Reactance of alternating-current circuits. — The reactance 
of an alternating-current circuit is, from equations (15) and (18), 
the ratio of the current flowing in the circuit and the electromotive 
force required to overcome the combined effects of inductance and 
capacitance. 

17. Alternating-current circuits containing resistance and in- 
ductance in series. — In a series circuit containing resistance and 
inductance, the applied voltage required to cause a given current 
to flow in the circuit must be equal to that required to overcome 
the combined effects of resistance and inductance. 

e=^ Cr + cl (19) 

= i?i + wLf (20) 

= Rim sin (at + iaLIm sin (w/ + 90°). (21) 

The right-hand member of equation (21) is the sum of two harmonic 
electromotive forces 90 degrees out of phase. The applied electro- 
motive force is, therefore, a harmonic quantity, the maximum value 
of which is the geometric sum of the maximum values of the quad- 
rature electromotive forces. 



Em = \/{RI^f + (coL/.)2 (22) 



= Im \/B? + {O^LY (23) 

and the current lags behind the applied electromotive force by the 
angle 

^^tan-^"^. (24) 

* Capacitive reactance is to be considered a negative quantity. 
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Altenuitiiig-ciirrent drcoits coatamiiig resistance and ca- 

ice in series. — In a series circuit containing resistance and 

tance, 

e^CR + ec (25) 

= ifi + ^ (26) 

jyj . - , /« sin («/ - 00°) . / X 

= if/«,sm«<H — ^f (27) 

>re, 



le current leads the applied electromotive force by the angle 

Alternating-current circuits containing resistance» indue- 
and capacitance in series. — In a series circuit containing 
mce, inductance and capacitance, 

= eR + eL + ec (31) 

= /e» + «L» + ^ (32) 

= /?/« sin «/ + o>LU sin {wt + 90°) + ^" ^'" ^^( :i-Sg!). (^^) 



equaUon (33) £» = V ^'/-' + {<->LU + ^"J (34) 



= /. \//?^ + («L + ^)* (35) 

e current leads or lags behind the applied electromotive 
IS the quantity uaL + "7;) is negative or positive, the angle 
or lag being 

« = tan-^— ^. (36) 
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20. Voltage triangle. — When an alternating current flows ii 
a circuit containing resistance and reactance in series, the applii 
electromotive force is the resultant of quadrature electromoti^ 
forces, and the voltages of the circuit may be represented graphi-j 

cally by means of a right triangle. 
Fig. 7a. Because of the impK>ssibi]ity| 
of eliminating resistance from a reaoj 
tance, just as it is impossible to 
eliminate friction from a machine 
having moving parts, the more common form of the voltage tri- 
angle is an obtuse triangle, the hypotenuse and the sides of whidi 
are, respectively, the applied electromotive force, the voltage be-j 
tween the terminals of the resistor, and that between the terminabj 
of the reactor. Fig. 7b. 

21. Impedance and the impedance triangle. — Dividing equation { 

(35) by /m, and representing the quantity cjL + —:; by X 



Fig. 7. Voltage Triangles. 



I m 



(37) 




The quantity Vr^ + Jt^ is termed the impedance of an alternating- 
current circuit, and is the ratio of the applied electromotive force : 
and the current flowing in the circuit. The 
unit of impedance (Z) is the ohm. 

The impedance, the resistance and the reac- ^^^^ — ^ 
tance of an alternating-current circuit form ^^®- ^' Impedance 
respectively, the hypotenuse, the base, and the nangie. 

altitude of a right triangle, and may be represented graphicaUy asi 
in Fig. 8. 

Example. — A series circuit has the following: 



2m = 


220 volts. 


/ = 


60 cycles. 


R = 


30 ohms. 


L = 


0.1 henry. 


C = 


0.00013 farad. 



Find: 



(a) The reactance ; (6) the impedance ; (c) the current. 



Sdulion. 
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^L = 377 X O.I = 37.7 ohms. 



Xc = = 20.4 ohms. 

377 X 0,00013 

X ^ Xl + Xc— 17.3 ohms. 
Z = V(3o)* + (17-3)^ = 34.7 ol™s. 

r E^ 220 , 

/■,= "77 = = 6.3 amperes. 

z 34.7 

32. Altemating-ctirrent circuits containing resistance and indue- 
tuce in parallel. — At any instant the total current supplied to a 
parallel system is the algebraic sum of the currents flowing in the 
branches. 

f = *j2 + h' (38) 

By definition Ir = {Iw)r sin w/. (39) 

From equation (14) 

ih = {Im)L sin («/ - 90°). (40) 

Substituting in equation (38), 

* = (-^«)« sin «/ + (7m)L sin (w/ - 90°). (41) 

The right-hand member of equation (41) is the sum of two harmonic 
currents 90 degrees out of phase. The total current supplied to the 
system is, therefore, a harmonic quantity, the maximum value of 
which is the geometric sum of the maximum values of the currents 
flowing in the branches. 

/« = ViHdlTThd? (42) 

and the total current lags behind the applied electromotive force 
by the angle 

* = tan-»^^ (43) 

23. Altemating-ciirrent circuits containing resistance and capac- 
itance in parallel. — When resistance and capacitance are con- 
nected in parallel 

* = */2 + icy (44) 

ia " {^m)R sin w^ (45) 
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From equation (i6) 

ic = i^ndc sin {u>l + 90°). 

Substituting in equation (44), 

i = {Im)R sin (at + {Tm)c sin (w/ + 90°), 

and the total current leads the applied electromotive force by 
angle 

24. Alternating-current circuits containing resistance, in( 
tance and capacitance in parallel. — When resistance, inducts 
and capacitance are connected in parallel 

i = tR + h + ic, 
Ir = (/m)ft sinco/, 
h = {Im)L sin (co/ - 90°), 
ic = (/n.)c sin (co/ + 90°). 
Substituting in equation (50), 
i = (fm)R sin w/ + iI*n)L sin (co/ - 90°) + {Tm)c sin (co/ + 90"^), 





and the total current leads the applied electromotive fore 
[{tm)L — {Im)c] is negative, and lags behind the applied elec 

. _ motive force if [{Im)L — {Im)c] is f 
I, tive, the angle of lead or lag being 

Fig. 9. Current Triangles. Um)/2 

25. Current triangle. — The current relations of a parallel 
cuit are shown graphically by means of a right triangle. Fig. 
Because of resistance in the inductive or capacitive branch 
currents in parallel circuits are seldom 90 degrees out of ph 
and Fig. 9b shows the usual relations of the component and 
resultant currents. 
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26. Joule's Law. — The work done in any eUdriccl circuil is 
proportional to the square oj the curreni flawing in the circuit and to the 
time the flow continues. 

When the electromotive force (e) is expressed in volts, the current 
(i) in amperes and the time (/) in seconds, the unit of work is the 
joule {A) J and the proportionality factor is in ohms. 

A X Pt, (57) 

Joule's Law is the second fundamental law of the electric circuit 
and, like Ohm's Law, has been shown, experimentally, to be uni- 
versal. 

27. Work done in an electric circuit. — From equation (57) 

As--RPt ' (58) 

when current flows in a circuit containing resistance only; 

Ai = wLi^t (59) 

when current flows in a circuit containing inductance only; 

Ac-^ (60) 

when current flows in a circuit containing capacitance only. 

28. Power in an electric circuit. — Power b, by definition, the 
rate of doing work. Therefore, 

Power = -: — (61) 

tmie ^ ^ 

and p^ = Rj^ watts (62) 

when current flows in a circuit containing resistance only; 

Pl = (nLP watts (63) 

when cunent flows in a circuit containing inductance only; 

ft 

/>c = "t^ watts (64) 

when current flows in a circuit containing capacitance only. 
From equation (3) 

Ri = eR. (65) 

From equation (14) 

iaLi = ei. (66) 



1 
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From equation (i6) 

Therefore, the instantaneous power (watts) in any electrical c 
cuit is equal to the product of the applied electromotive foi 
(volts) and the current (amperes) flowing in the circuit. 

p «= ei. (6 

In a continuous-current circuit, e and i are constant and 

P = EI watts. (6 

In an alternating-current circuit containing resistance only 

pR = £m sin w//m sin w/ (7 

= ErJm sin^ co/. (7 

From Appendix A, Section 9, the average value of sin^ «/ during 0: 
complete cycle is J. Therefore, 

av. pR = *^ "* watts. (7 

2 

In an alternating-current circuit containing inductance only 

pi = Em sin a)/7m sin (co/ — 90°) (7 

== ErJm sin o)t cos co/, (1 

but the average value of sin w/ or cos co/ during one complete cy 

is zero.* Therefore, 

av. pL = o. (: 

In an alternating-current circuit containing capacitance only 

pc = Em sin (co/ + 90°) co//m sln co^ (' 

«= Emim COS co/ sin co/, (' 

which is identical with equation (74) and 

av. pc = o. (; 

In any alternating-current circuit 

p = Emsin co/ /m (sin co/ ± *) (; 

= Emim sin co/ (sin co/ cos <^ ± cos co/ sin 0) 

» EmIm (sin^ co/ cos <^ zb sin co/ cos co/ sin <^). 

* See Appendix A, Section 8. 
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Ttotn Appendix A, Section 9, 

av. sin^id = \ (82) 

and 

av. sin lat cos w/ sin ^ — o. (63) 

Therefore, 

av. p = watts, (84) 

2 

i.e.f the average power * (watts) in any altemating<urrent circuit 
is equal to one-half the product of the majdmum electromotive 
force (volts), the fnarimum current f ampere?,' and the c/>fcine of 
the phase angle. 

29. Effective current and electromotive force. — The ftt<idy 
current {or electromotive force) which, acting in a circuit of consVant 
resistance and zero reactance^ transfers energy ai the aierage rate of 
transfer when an alternating current ^or eUctromoiiie force, octi in 
tJie same circuit, is the elective value of the aUermUing current [or 
electromotive force) . 

From equation (62) 

''Rljsin^ud. (Vj) 

Then av. p = RI^zw [sisi^uU;^ ' (87) 

RT * 



For continuous currents 



Therefore, 



P'RP. (irj) 



and 



SimOarlyy 



RP 


RIJ 

2 


I 


V2 




= 0.70 


R 


iR 



r, 



w 



(.92) 



(93) 



^ A wmtt-flieter indicates the avenge power in an altemating-current dxcuit. 
f See Appendix A, Section 9. 
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and 

£ = ^ (94) 

V2 

= 0.707 £«. (95) 

Therefore, the effective value of a harmonic alternating current (or 
electromotive force) is equal to its maximum value divided by the 
square root of 2, and effective values may be substituted in any of 
the above equations containing maximum values. 

Effective values are indicated by ammeters and voltmeters, and 
are always to be assumed in alternating-current problems unless the 
values given or required are specifically stated to be maximum or 
instantaneous. 

30. Power factor. — The cosine of the phase angle (cos 0) is 
termed the power factor of an alternating-current circuit. The 
power factor may also be expressed as the ratio of the resistance to 
the impedance, 

cos = - , (96) 

or by the ratio of the watts to the product of volts and amperes, 

cos« = — • (97) 

31. Resistances in series. — The resistance of a series circuit is 
the arithmetical sum of the resistances of its parts. 

£ = £1 -f- £2 (98) 

= / (i?i + R2). (99) 

Dividing by / 

R=- Ri + R2. (100) 

32. Reactances in series. — The reactance of a series circuit is 
the algebraic siun of the reactances of its parts. 

E = Ei + Eo (loi) 

= / (Xi -f- X2). . (102) 

Dividing by / 

X = Xi + X2. (103) 
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33. Impedances in series. — The impedance of a series circuit 
is the geometric sum of the impedances of its parts. From equation 

(35) 

E = y/WVE} (104) 

. = / V(i?i + R,Y + (Xi + X^)\ (105) 

Dividing by / 

Z = V(i?i + R,Y + (A^ + ^2)^ (106) 

34* Resistances in parallel. — In a parallel system the branches 
of which contain resistance only, the reciprocal of the resistance of 
the system is the arithmetical sum of the reciprocals of the resist- 
ances of the branches. 

/ = /i + /2, (107) 

R Ri R2 



Dividing by E 



R=k-^k ^'°'^ 



35* Reactances in parallel. — In a parallel system the branches 
of which contain reactance only, the reciprocal of the reactance of 
the system is the algebraic sum of the reciprocals of the reactances 
of the branches. 

/ = /i + /2, (no) 

E E . E , . 

v = ^+-7r- (in) 



Dividing by E 



11,1. / V 



3^' Resistance and reactance in parallel. — In a parallel system 
consisting of a branch containing resistance only and a branch con- 

'^g reactance only, the reciprocal of the impedance of the 
system is the geometric sum of the reciprocal of the resistance and 
^^ J^eciprocal of the reactance of the branches. 

^rom equation (55) 



/ = V/i2 + /,2, (113) 

E 
Z 



- v/©' - (f ) ■ (-) 
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Dividing by E 

i=>/^+^- ("5) 

37. Impedances in parallel. — Any impedance containing both 
resistance and reactance (Fig. 10) may be replaced by a parallel 



R. 



Fig. 10. Resistance and Inductance Fig. ii. Resistance and Inductance 

in Series. in Parallel. 

system the branches of which contain only resistance or reactance 
(Fig. 11). Referring to Fig. 10 let 

E = the applied electromotive force, 
/ = the current, 
Z = the impedance, 
cos (t> = the power factor. 

Then Ir — I cos (== power component of current), 
/;p = / sin <^ (= wattless component of current), 
R, = Z cos <t>, 
Xg = Z sin (t>. 

Referring to Fig. 11, let 

E = the applied electromotive force, 
/ = the line current, 
Ir = the current in the resistance, 
/, = the current in the inductance, 
Rp = the resistance, 
Xp = the reactance, 
Z = the impedance. 

i.e.y the applied electromotive force, the current, the imp>edance and 
the power factor of one system are made equal to those of the other 
system, and the systems are, therefore, equivalent. 

R. = y (116) 

= ^ (118) 

COS <t) 
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z? 



Z cos<l> 



Z} 



x]' 



)m equation (115) 



p 



lerefore, for a parallel system, 



Z 

R 



(119) 



(120) 



X, = - (121) 



(122) 



(123) 



(124) 



(125) 






-n'(|.)'+©' . <-) 



l=v'(f^+|+|.)'+Q>|+f})' ("« 



Example. — Let the circuit shown in Fig. 12 have: ^1 = 6 ohms, 
= 8 ohms, Rz = 10 ohms, Xi — 5 ohms, A'2 = 4 ohms, Xj = 3 ohms, 
len, 

Zi* = 6" + s* = 61, ~t:~t:~ ; 



Z2^ = 82 + 42 = 80, ^'' h !'• 



Za* = 102 + ^2= 100, F^«- "• Impedances 

^ ^' inParaUeL 
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and 

Z ^ \6i 80 109/ \6i 80 109/ 

= V(o.o98 +0.1 +0.092)^ + (0.082 + 0.05 + 0.028)* 

Z = = 3.02 ohms. 

0-331 

R = (3.02)* (0.098 + 0.1 + 0.092) = 2.65 ohms, 

X = (3.02)^ (0.082 + 0.05 + 0.028) = 1.46 ohms. 

Also, 

0.082 + 0.05 + 0.028 0.159 

ta,n <p = ' — = — -f = 0.55* 

0.098 + 0.1 + 0.092 0.289 

cos ^ = 0.876. 

R = Z cos i> = 3.02 X 0.876 = 2.65 ohms. 

sin = 0.482. 

X = Z sin <^ = 3.02 X 0.482 = 1.46 ohms. 

38. Resonance of alternating-current circuits. — In a series 
circuit the electromotive force required to overcome the effect of 
inductance leads the current by 90 degrees; the electromotive force 
required to overcome the effect of capacitance lags behind the cur- 
rent by 90 degrees. These two harmonic forces are, then, 180 
degrees out of phase, and tend to neutralize. When the inductive 
electromotive force is equal, numerically, to the capacitive elec- 
tromotive force, the circuit is said to have voltage resonance. 

o)LI + — = o (131) 

Example, — Find the capacitance required to neutralize an in- 
ductance of 0.1 henry in a 60-cycle alternating-current circuit, j 
the capacitance to be connected in series with the inductance. 

Solution. — From equation (131) 



03 



TT X 4 X 3600 X O.I 
= 0.007042 farad. 

In a parallel circuit, the wattless component of current in 
inductive branch lags 90 degrees behind the applied electromoti^^e 
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force; the wattless component of current in a capacitive branch 
is 90 degrees ahead of the applied electromotive force. These 
wattless components of current are, then, 180 degrees out of phase, 
and tend to neutralize. When the leading wattless component 
is equal, nimierically, to the lagging wattless component, the cir- 
cuit is said to have x^urrctU resonance. 

/lag Sm «' = /lead Sm «" (132) 

when /lag = the current flowing in the inductive branch, 
/lead = the current flowing in the capacitive branch, 
4/ = the angle between the vector of electromotive force 

and that of the current in the inductive branch, 
^"= the angle between the vector of electromotive force 
and that of the current in the capacitive branch. 

Example. — The impedance of a 6o-cycle inductive circuit is 
22 ohms, the current flowing in the circuit is lo amperes, and 
lags 30 degrees behind the applied electromotive force. Find the 
capacitance to be connected in parallel with the impedance, the 
electromotive force and the resultant current to be in phase. 

Solution. — The voltage across the condenser is • 

£« = 22 X 10 = 220 volts. 

and the wattless component of current is 

/» = 10 X 0.5 = s amperes. 
From equation (i8) 

C = 



377 X 220 
• = 0.00006 farad. 

39* Use of electrical measuring instruments. — A voltmeter is 
connected in parallel with that part of a circuit in which it is desired 
to measure the drop of poten- 

tial. Fig. 13 a, C^f^"***^ (^^Amnmtr (Jjjj'tW'/^rvr 

An ammeter is connected '— fc*" <»>i L_fe 

5a series with the circuit in 



l«ad 



r>. 



U-^1 



^nich it is desired to measure Fig. 13. Voltmeter, Ammeter and Watt- 

the current, the entke cur- ""^^^^ Connections, 

^ent, or a constant proportion of it, going through the coils of the 
"istrument. Fig. 13b. 
A wattmeter consists of two current-carrying coils, a voltage 
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coil connected in parallel with the load and a current coil con 
nected in series with the load. The reaction set up by the coils h 
proportional to the product of the currents flowing in the coils, i.e.j 
to the power in the circuit, and causes the deflection of a movable 
element. 

Permanent-magnet instruments indicate on conlinuous-current 
circuits only; induction instruments on alternating-current circuits 
only; dynamometer instruments on either continuous- or alternat- 
ing-current circuits. 

CHAPTER I — PROBLEMS 

1. Find the area in circular mils of: (a) a circle J inch in diameter, (fi) a rec- 
tangle i X i inch. 

2. Find the diameter of a circle, the area of which is: (a) 211,600 circular 
mils, {b) 52,240 circular mils, (c) 10,400 circular mils, (d) 1000 circular mils. 

3. Find the side of the square, the area of which is: (a) 211,603 circular 
mils, (b) 52,240 circular mils, (c) 10,400 circular mils, (d) 1000 circular mils. 

4. Find the resistance, at 20° C, of 1000 feet of copper wire: (a) o.i inch io 
diameter, (6) 0.25 inch in diameter, (c) 0.6 inch in diameter, (d) 1 inch io 
diameter. 

5. Find the resistances of the wires specified in Problem 4 at a temperature 
of 45° C. 

6. Find the electromotive force required to cause a current of 10 ampere^ 
to flow in a circuit, the resistance of which is: (a) i ohm, {b) $ ohms, (c) i^ 
ohms, (d) 25 ohms, (e) 40 ohms. 

7. Find the average electromotive force of self-induction in a circuit, tb< 
inductance of which is i henry, when the current changes: (a) from i ampere U 
5 amperes in o.i of a second, (b) from 10 amperes to zero in o.oi of a second, {c, 
from 25 amperes to zero in 0.2 second. 

8. Find the capacitance of a circuit when 5 coulombs of electricity are dis 
placed by an electromotive force which changes: (a) from 25 volts to zero in 1 
second, (b) from 50 volts to 100 volts in J of a second, (c) from zero to 10 volti 
in 0.01 of a second. 

9. The resistance of an electric circuit is 10 ohms. Find the maximurr 
value of the current when the maximum value of the alternating electromotive 
force applied to the terminals of the circuit is: (a) 25 volts, (6) 40 volts, {c) g< 
volts, ((f) 156 volts, {e) 500 volts. 

10. The inductance of a circuit is 0.1 henry. Find the electromotive forc< 
required to cause an alternating current of 100 amperes (maximimi) to flow i> 
the circuit when the frequency of the alternating current is: (a) 10, (6) 25, (^ 
40, (J) 50, (e) 60, (/) 100. 

11. Find the voltage required to charge a 60-microfarad condenser with 
coulombs of electricity. 

12. The charge on a condenser changes from i coulomb to 2 coulombs * 
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>i of a second. Find the average current flowing in the circuit during the 
riod of change. 

13. An electric circuit has an inductance of o. i henry. Find the capacitance 
tquired to cause resonance when the frequency of the alternating electro- 
lotive force is: (a) 25, (6) 40, (c) 60, (</) 100. 

14. Find the impedance of an electric circuit having a resistance of 8 ohms 
md a reactance of 6 ohms connected in series. 

15. Find the reactance of a circuit having an inductance of 0.15 henry 
when the frequency of the applied electromotive force is: (a) 15, {b) 25, (c) 40, 
(<0 60, (e) 100. 

16. Find the reactance of a lo-microfarad condenser when the frequency 
of the applied electromotive force is: (a) 15, {b) 25, (c) 40, {d) 60, (e) 100. 

17. The resistance of an electric circuit is 2 ohms. Find: (a) the total heat 
developed in the circuit when 50 amperes continuous current flows steadily in 
the drcuit for 10 minutes, (6) the maximum value of the alternating-current 
Kquired to develop the same quantity of heat in the same length of time, (c) 
the power (watts) in the circuit. 

18. The continuous electromotive force applied to an electric circuit is 220 
^ts. This electromotive force produces a current of 20 amperes. Find: (a) 
the resistance of the circuit, (6) the power used in the circuit. 

iQ- The effective value of an alternating current is 20 amperes, the applied 
electromotive force (effective) is 220 volts, and the power factor of the circuit 
is 0.85. Find: (a) the impedance of the circuit, (6) the resistance of the circuit, 
W the reactance of the circuit, (d) the power used in the circuit. 

20. A rheostat and a condenser are connected in series to a iio-volt, 25- 
c)'de alternating-current generator. The value of the resistance is 10 ohms and 
^^e capacitance of the condenser is o.i microfarad. Find: {a) the reactance 
ofthecircuit, {b) the impedance of the circuit, (f) the power factor of the circuit, 
(^O the current flowing in the circuit, {e) the power component of electromotive 
force, if) the wattless component of electromotive force. 

21. Three impedances, the values and power factors of which are indicated 
', are connected in series. Find: (a) the impedance of the circuit, {b) the 

power factor of the circuit. 

Zi = 10 ohms. p. f. = 0.9 (lagging). 

Zi = 15 ohms. p. f. = I. 

Zj = 20 ohms. p. f. = 0.6 (lagging). 

*2. The impedances specified in Problem 21 are connected in parallel. 
Find: (c) the impedance of the circuit, {b) the resistance of the circuit, (c) the 
'^^ancc of the circuit, (<f) the power factor of the circuit. 

23- Find the resistance of 1000 feet of copper wire, 102 mils in diameter and 
*t a temperature of 40** C. 

H- Find the length of copper wire, 204 mils in diameter, the resistance of 
*hich, at the same temperature, is equal to the resistance of the wire specified 
'^^ Problem 23. 

^5- The resistance of the field windings of a shunt motor was found to be 
7oohms at 20** C. After the motor had been in operation for three hours, it was 
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found that the resistance of the windings was lo per cent greater than when 
the first measurement was made. Find the temperature of the field windingis. 

26. Two loads A and B are connected in parallel to alternating-current 
mains. The power factor of A is 0.9 and /« = 100 amperes; the power factor 
of 5 is 0.3 and h = 50 amperes. Find: (a) the current i.i the line, (6) the power 
factor of the system. 

27. Measurements taken on the series sjrstem indicated in the accompany- 

ing sketch were as follows: 

/ = 100 amperes, E = 2300 volts, £1 = 1800 volts, 
E2 = 900 volts. 




Find: (a) the power factor of the circuit, (b) the resistance of the drcuit, (c) the 
reactance of the circuit, (d) the impedance of the circuit, (e) the power used in 
the circuit. 

28. The continuous-current distributing system indicated in the accom- 
panying sketch is connected to 2 20- volt supply mains. Determine: (a) the sizes 
of wires required for the dif- 
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ferent parts of the circuit so 
that 215 volts may be de- 
livered at the terminals of 
each load, (6) the resistance 
of the distributing system (not 
including the load), (c) the power (watts) loss due to the resistance of the wires, 

((/) the total output of the generator. 

29. Calculate the resistance of the circuit indicated in 
— the accompanying sketch when: 

-Ri = 10 ohms, /?2 = 5 ohms, R% = ^ ohms. 
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30. Find the impedance of the system specified in Problem 29 when a re- 
actance of 2 ohms is connected in series with Ri, 

31. The capacitance of each of three condensers is 10 microfarads. Find 
the capacitance of the circuit when: (a) the condensers are connected in series, 
(6) the condensers are connected in parallel. 

32. Find the current flowing in a 25-microfarad condenser when connected 
to a 220-volt, 60-cycle, alternating-current system. 

33. Three impedances i-1, B and C are connected in series to 60-cycle mains. 

Ra — 10 ohms, i?6 = 5 ohms, /?c = 12 ohms, La = o.i henry, 

Ia> = 0.08 henry, Lc = 0.2 henry. 

A current of 10 amperes (effective) flows in the circuit. Find the voltage be- 
tween the terminals of: (a) impedance ^4, (^) impedance 5, (c) impedance C, (i) 
the circuit (the applied voltage). 

34. The impedances specified in Problem 33 are connected in parallel and 
to iio-volt, 25-cycle mains. Find: (a) the impedance of the system, (ft) the 
resistance of the system, (c) the reactance of the system, (i) the current in 
each parallel branch, (e) the total current flowing in the circuit (line). 
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35. An induction motor is operated in parallel with 100 incandescent lamps. 
The motor takes 50 amperes and has a power factor of 0.8; the lamps each re- 
quire 0.4 ampere and their power factor is unity. Find: (a) the current sup- 
plied to the combination, {b) the power factor of the circuit, (c) the power 
x>mpDnent of line current, {d) the wattless component of line current. 

36. The current in a line supplying two induction motors is 100 amperes, and 
^gs 45 degrees behind the electromotive force. One motor has a power factor 
jf 0.85, and takes 60 amperes. Find the power factor of the other motor, and 
the ctirrent supplied to it. 

37. The maximum value of an alternating current flowing in a circuit, the 

X 
Impedance of which is 25 ohms and the ratio — =0.75, is 100 amperes. Find: 

(a) the effective value of the current, (b) the power in the circuit, (c) the power 
factor of the circuit. 

38. Find the size wire required to supply 10 amperes to lamps 200 feet from 
:he generator, when the allowable resistance of the wires is 0.2 ohm. 

39. Find the current flowing in the circuit when the impedances of Problem 
j3 are connected to 25-cycle mains, the voltage of which is equal to the voltage 
found in part (i) of Problem 33. 

40. Three impedances are connected in parallel. 

/« = 75 2tnd lags 30 degrees behind the electromotive force, 
lb == 1 50 and lags 45 degrees behind the electromotive force, 
Ic = 225 and lags 15 degrees behind the electromotive force. Find: (a) 
;he current in the supply line, (6) the power factor of the system. 

41. The resistances and reactances indicated in 
:he accompanying sketch have the following values: 

Ri = 5, ^« = 3, ^j = 6, 124 = 10, Xi = 8, 
Xt = 4, X| = 3. 

Find: (a) the impedance of the circuit, {b) the power 
factor of the circuit. 

42. Referring to the accompanying sketch: 

El = 100, El = 150, / = 10, £1 and E2 are 60 degrees 
out of phase. 

Find: (a) E, (6) Z, (c) R, {d) X, (e) power factor, (/) 





±- power in the circuit. 



43. Find the impedance, the resistance, 
the reactance and the power factor of the 
following circuit: 



R,-6 



;X,-S 



:r>'8 



JXt-4 



Rs"lO 



X,-5 



4,4. Find the impedance, the resistance and the reactance of the circuit in 
Problem 43 when Xi is a capacitance equivalent to 5 ohms. 
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45. Referring to the accompanying figure: 

R 



— VW/VVVVV^^W 0<KWXXiO s|p--| 



• t, -»<- E, ♦«--£, 






E = 220 volts, R = 40 ohms, r = 0.5 ohm, L = o.i henry, 

C = 0.00012 farad, / = 60 cycles. 

Find: (a) the current, (b) £1, (c) £2, W £3, (^) power in the circuit, (/) 
factor. 
Draw vector diagram representing the current and the voltages in the c 

46. A voltmeter, the resistance of which is 3,000 ohms (reactance neglij 
is connected in series with a condenser between 2 50- volt, 6o-cycle altern 
current mains. The indication of the meter is 150. Find the capacitai 
the condenser, and the voltage between its terminals. 

47. A current of 8 amperes flows in an impedance connected betweei 
volt, 60-cycle alternating-current mains. The p)ower absorbed in the ii 
ance is 1280 watts. Find: (a) the power factor of the circuit, (6) the resis 
of the circuit, (c) the reactance of the circuit, (d) the inductance of the ci 
Draw vector diagram of the voltages and the current. 

48. When an impedance (resistance and inductance in series), the j 
factor of which is 0.707, is connected to 60-cycle, 2 50- volt alternating-ci 
mains, 25 amperes flow in the circuit. Find: (a) the capacitance req 
to be connected in the circuit to cause voltage resonance, {b) the curre 
the resonant circuit, (c) the voltage across the resistance, (i) the v( 
across the inductance, (e) the voltage across the capacitance. 

49. The impedance in Problem 48 is connected to 60-cycle, 2 50- volt 
nating-current mains in parallel with a condenser. The resistance of the 
denser circuit is negligible. Find the capacitance w^hen the p>ower fact 
the circuit is: (a) unity, (b) 0.90 lagging, (c) 0.90 leading. 

50. Same as Problem 49 except the resistance of the condenser circ 
5 ohms. 

51. Show that when the applied voltage and the resistance of a serie 
cuit are constant, and the reactance of the circuit varies from zero to inf 
the locus of the current vector is a semi-circle, the diameter of which r 
zero angle with the vector of applievi electromotive force. 

52. Show that when the applied voltage and the reactance of a ^erie 
cuit are constant, and the resistance of the circuit varies from zero to inf 
the locus of the currept vector is a semi-circle, the diameter of which n 
an angle of 90 degrees with the vector of applied electromotive force. 
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MAGNETISM AND MAGNETIC INDUCTION 

I. Magnetism. — A body which has the power to attract a piece 

of iron is termed a magnet, and the property by virtue of which 

attraction takes place is termed magnetism. The ultimate nature 

of magnetism, like that of electricity, has never been determined, 

but electricity and magnetism are intimately associated. 

2. Magnetic field. — The space in and around a magnet is a 
magnetic field. A magnetic field is represented graphically by 
means of lines (lines of magnetic force or magnetic induction) which 
pass from the north pole to the south pole of a 
magnet and form complete loops or circuits. 
Fig. 14. The total number of lines of magnetic 
induction leaving a north pole and entering a 
south pole is a magnetic flux. F^^. 14. 

3. Production of a magnetic field. — The only known means for 
the production of a magnetic field is the electric current (electricity 

in motion). It has been proved experimentally 
that the space surrounding a current-carrying con- 
ductor is a magnetic field, that the lines of mag- 
netic induction are concentric circles,* and that 
their direction is clockwise or counter-clockwise as 
the current in the conductor flows away from or 
toward the observer. The direction of a magnetic 
flux is assumed to be that indicated by the north-seeking pole of the 
^gnetic needle. The magnetic field 
around a current-carrying wire is repre- 
^nted, in direction and in intensity, in 

4» The solenoid. — If a current-carrying 
conductor is wound into a helix, the lines 

^' magnetic induction are no longer concentric circles but pass 
^o^gh the helix as indicated in Fig. 16. If the helix is long in 

When the conductor is isolated and uninfljuenced by other magnetic fields. 

29 




Fig. 15. 




Fig. 16. 
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comparison to its diameter, the magnetic flux is uniformly di: 



tributed over its cross-sectional area except near the ends wh( 
the lines begin to diverge. 

5. The electromagnet. — The magnetic effect of a current-carr>^- 
ing wire is concentrated by winding it into a helix, and greatly ii3.- 
creased if the heUx is wound on an iron core. A current-carrying coil 
wound on an iron core is an electromagnet, and is used for the pro- 
duction of the intense magnetic fields required for modem electricstl 
apparatus. When once magnetized, iron retains a pSLVt of the mag- 
netic effect of the current-carrying coil. This permanent effect is 
termed residual magnetism, and varies with the quality of th^ 
iron. 

The polarity of an electromagnet is easily determined from th.^ 
direction of the current in its exciting coil. If the direction ot 
current aroimd the coil is that of the rotating motion of a right;— 
handed screw, the direction of magnetic flux is that of the longi-* 
tudinal movement of the screw. 

6. Magnetomotive force. — Magnetomotive force is that ptop"^ 
erty by virtue of which a magnetic flux is established or maintained^ 

7. Reluctance. — The opposition offered to the establishments 
or to the maintenance of a magnetic flux is termed the reluctance 
of the magnetic circuit. The reluctance of a magnetic circuit is 
directly proportional to its length and inversely proportional to 
its cross-sectional area. 

8. Permeability. — Some materials, notably iron and many of 
its alloys, offer less opposition to the estabUshment or the main- 
tenance of a magnetic flux than do others. The ratio of the flux 
established or maintained in a given length and cross section of a 
material by unit magnetomotive force, to the flux established or 
maintained by imit magnetomotive force in the same length and 
cross section of vacuum is termed the permeability of the material. 

9. Magnetic units. — The magnetic imits are: 

(a) Unit pole, — Unit magnet pole is one which repels with a 
force of one dyne a similar and equal magnet pole placed at a dis- 
tance of one centimeter in air. (Symbol m.) 

(b) Field intensity. — A magnetic field has imit intensity (one 
line per square centimeter of cross-sectional area) when it reacts 
on a unit pole, placed in the field, with a ^force of one dyne. 
(Symbol H.) 
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(c) Flux density. — By flux density is meant the number of lines 
of magnetic force or induction per unit of cross-sectional area of a 
magnetized material. (S3nnbol B.) 

Note.— When a magnetic flux is propagated in air, or other non- 
magnetic material, the flux density is equal to the field intensity. 

{ij Magnetic flux. — The total flux in a magnetic circuit is equal 
to the product of the average flux density and the cross-sectional 
area of the circuit. The unit is the maxwell. (S3nnbol 0.) 

(e) Reluctance. — Unit reluctance (the oersted) is that opposition 
offered by a cubic centimeter of vacuum,* each face of which is one 
centimeter square, to the passage of a magnetic flux between its 
paraDel faces. (Symbol 9i.) 

(/) Magndotnotive force. — The magnetomotive force of a circuit 

is equal to the work in ergs done when a unit magnet pole is 

nioved around the circuit against the force, and is measured in 

j gilberts. (Symbol 9.) Unit difference of potential exists between 

two points when one erg is required to transfer a unit pole from 

. one point to the other. 

ii) Magnetizing force. — Magnetizing force is the ratio of the 
magnetomotive force of the circuit to the length of the circuit. 
Magnetizing force is nimierically equal to field intensity, and is 
indicated by the same symbol. 

(A) Permeability. — The permeability of a material is the ratio 
of the flux density and the field intensity, or the magnetizing force. 
(Symbol /*.) 

10. Law of the magnetic circuit. — The flux in any magnetic 
circuit is directly proportional to the magnetomotive force and in- 
versdy proportional to the reluctance of the circuit. 

when ^ = the magnetic flux in maxwells, 

9 = the magnetomotive force in gilberts, 
cfi » the reluctance in oersteds. 

II. Faraday's Law. — An electromotive force is ittduced in any 
closed circuit when the magnetic flux linking with the circuit changes in 
value, and the magnitude of the electromotive force induced is propor* 

♦ Air has practically the same specific reluctance as vacuum. 



j^^* 
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iioncU to the rate at which the magnetic flux linking with the circt 
changes, 

12. Lenz' Law. — The direction of an induced current is suc^^ 
that its reaction opposes any change in the value of the magnetic fi\ 
linking with the closed circuit in which the induced current flows. 

Lenz' Law is simply a special application of the general princip] 
of mechanics that action and reaction are equal and opposite. 

13. Induced currents, — From Faraday's Law it is evident tha.'t: 
an electric conductor forming part of a closed circuit and lyin^ 
partly or wholly within a magnetic field has an electromotive forc^ 
induced in it when: (a) the relative position of the conductor and 
the magnetic field changes, {b) the intensity of the magnetic field 
varies. 

(a) Induction by motion, — The following propositions are self-^ 
evident or are easily demonstrated by experiment: 

(i) The relative position of the conductor and the magnetic fielcJ- 
is changed by the movement of either the conductor or the field. 

(2) The induction of an electromotive force occurs only during" 
the period of motion. 

(3) The induced electromotive force is proportional to the number 
of lines of magnetic induction across which the conductor cuts per 
unit of time. 

(4) The direction of the induced electromotive force is reversed 
when the direction of motion is reversed. 

Let Fig. 17 represent a cross section of a magnetic field, the flux 
in which flows toward the observer, and a copper conductor A which 

may be moved to the right or to the left, the 
circuit being completed through the rails 5, 
C and D, When the conductor A is moved to 
the right an electromotive force is induced, 
the magnitude of which is proportional to 
the rate of motion, and the direction of the 
current in the circuit is that indicated by 
the arrows. If the wire is moved to the left at the same speed, 
the same value of current flows in the wire but its direction of flow 
is reversed. 

In the above case the induced electromotive force is proportional 
to the speed of the conductor, the length of the conductor and the 
density of the magnetic field being constant. In any construction, 







Fig. 17. 
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the number of lines of magnetic induction cut per unit of time de- 
pends on: 

(i') The length of conductor lying within the magnetic field. 

(2) The rate at which the conductor moves across the magnetic 

field. 

(30The density of the magnetic field (the number of lines of 
magnetic induction per unit of cfoss-sectional area). 

The length of the conductor, the speed at which the conductor 
or the magnetic field moves, and the flux density may be expressed 
in any desired units, provided the length of the conductor and its 
speed are in the same unit, and the unit of area is the square of this 
linear unit. The unit on which the electromotive force of a circuit 
is based is that difference of potential found to exist when a con- 
ductor one centimeter long moves* at a uniform speed of one centi- 
meter per second across a uniform magnetic field having a flux 
density of one maxwell (one line of magnetic force per square centi- 
meter). This unit of electromotive force is inconveniently small 
and the commercial unit (the volt) is taken as 100,000,000 times 
the fundamental unit (the abvolt). Then 

e^lxVxBX loA (2) 

when e = the electromotive force in volts induced in the conductor, 
I = the length of the conductor, 
V = the relative speed (per second) of the conductor and 

the magnetic field, 
B = the density of the magnetic field (maxwells per unit of 
cross-sectional area), 

U,, an electromotive force of one volt is induced in a closed circuit 
when the magnetic flux linking with the circuit changes at the rate 
of 100,000,000 maxwells per second. 

As pomted out above, a reversal of the direction of motion causes 
a reversal of the direction of current flow. There is, then, a definite 
relation between the direction of motion, the direction of induced 
electromotive force and the direction of magnetic flux. By refer- 

• The direction of motion and the axis of the conductor arc here assumed to be at 
right angles to each other and to the direction of the lines of mai^nctic force. When 
thii CDndition does not exist, the effective length of the conductor is equal to / times 
the sine of the acute angle Ijetween the axis of the conductor and that of the magnetic 
6eld, and the cflfective velocity is equal to V times the sine of the acute angle between 
the direction of motion and the axis of the magnetic field. 
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Fig. 1 8. 



ence to Fig. 17 it will be observed that any one of these thre^ 
quantities is at right angles to each of the other two. A simple 
rule for determining the relations of these quantities was deduceci 
by Dr. J. A. Fleming and is known as Fleming^s finger rule. Lt 

the thumb, index and middle fingers of the Hglrd 

hand are placed as indicated in Fig. 18, the thumfc^ 
^ indicates the direction of motion across the magnetii 
ow^*--Q&J\ field, the index finger the direction of flux, and thi 

>jja|f* middle finger the direction of induced electromotive 

force. 
If a ring or closed loop is rotated in a diagneticr 

field, one side of the loop cuts the flux in one 
direction and the opposite side cuts it in the other direction. 
Hence, a current flows around the loop but its direction is peri- 
odically reversed, and the induced electromotive force passes 
through successive values from zero to maximum and then from 
maximum to zero. 

Let Fig. 19 represent a loop of wire and a uniform magnetic 
field, the loop being rotated at a constant angular velocity in the 
direction indicated by the arrow. Starting from the position 
shown, the electromotive force increases to maximum, decreases 
to zero, increases to maximum in the opposite direction, and again 
decreases to zero for each 
revolution of the loop. The 
flux passing through (link- 
ing with) the loop decreases 
from maximum to zero, or 
increases from zero to max- 
imum, in one quarter of a 
revolution, and the electro- 
motive force induced in the 
loop is proportional, at any 
instant, to the sine of the 

angle through which the ^^^' '^• 

loop has rotated, i.e., the electromotive force is harmonic as indicated 
in the rectangular representation where the abscissas are angular 
distances (degrees) passed through by the rotating loop, and the 
ordinates are the instantaneous values of electromotive force in- 
duced in the loop. Since the electromotive force induced in one 
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Fig. 20. 



side of the loop tends to produce a current in the same direction 
around the loop as the electromotive force induced in the other side 
of the loop, the electromotive force of the circuit is twice as great 
as if only one side of the loop were in the magnetic field. 

(J) Induction by varying the flux density, — If two coils of in- 
sulated wire are wound on an iron core as indicated in Fig. 20, and 
coil A is supplied with a current of con- 
stant value (continuous current) no cur- 
rent will flow in coil B. K the current 
in coil 4 is made variable, the following 
effects may be noted: 

(i) A current flows in coil B when the 
current in coil A either increases or decreases. 

(2) A current flows in coil B only when the value of the current 
in coil 4 is changing. 

(3) The electromotive force induced between the terminals of 
coil B is proportional to the rate at which the flux in the iron ring 
changes. Within certain limits, the change in the flux is approxi- 
mately proportional to the change in the current flowing in 
coil A. 

(4) The direction of current in coil B is reversed by reversing the 
direction of current in coil A . 

(5) The direction of current in coil B is always such that it 
opposes the change in flux which produced it. 

From the above considerations it is evident that electrical energy 
may be transferred from one circuit to another, provided the cur- 
rent in the supply circuit is of varying value, i.e., either pulsating or 
alternating. 

14. Reaction between a magnetic field and a current-carrying 
conductor. — Let 

/ = the force required to move a conductor across a uniform 
magnetic field at a velocity of V centimeters per second, 
B = the density of the magnetic field in maxwells, 

I = the length of the conductor in centimeters lying in the 
magnetic field and perpendicular to both the direction 
of motion and the direction of the magnetic flux, 

i = the current in amperes flowing in the conductor, 

e = the electromotive force in volts induced in the conductor 
(= eX 10® c.g.s. units), 
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ds = the distance through which the conductor moves, 
dt = the time required for the conductor to move through the 
distance ds. 

Then 



and 



But 



Therefore, 



/ (ds) = ei (dt) joules 


(3) 


= ei (dt) X lo' ergs 


(4) 


IBVi (dt) 

^ 'ergs 

lO 


(s) 


'ds IBVi 
^ dt lo ' 


(6) 


dt' ^' 


(7) 


J = dynes 

lO 


(8) 


IBi 
= - grams 
9810 


(9) 


22 IBi 


r^^\ 



981X10^"^ ^ ' 

From the above considerations it is evident that: 

(a) A current-carr>4ng conductor lying within a magnetic field 
tends to move across the field, the direction of motion being at 
right angles to the axis of the conductor and to the direction of 
the flux. 

(b) The direction in which the conductor tends to move is re- 
versed by reversing either the direction of the magnetic flux or the 
direction of the current flowing in the conductor. 

(c) The force lending to move the conductor across the magnetic 
field is proportional to the product of the current flowing in the 

conductor, the density of the magnetic field, and the 
length of conductor lying in the magnetic field. 
The relations between the direction of the mag- 
•'^'w* netic flux, the direction of the current and the 
direction of the resultant force on the current-carry- 
ing conductor are shown in Fig. 21 by the index 
finger, the middle finger and the thumb of the left 
^^^- ''' hand. 
15. Magnetic flux and field intensity due to unit pole. — From 
the definitions of unit pole and field intensity given above, it 
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follows that the field intensity due to unit pole is unity at any 
point on the surface of a sphere one centimeter in radius, and of 
which the unit pole is the center. But the area of such a sphere 
is 4 X square centimeters. Therefore, the total flux leaving or 
entering a unit pole equals 4T maxwells, and the field intensity 
due to an isolated magnet pole is inversely proportional to the 
square of the distance x of a surface from the pole. 

H = ^ (II) 

16. Field intensity produced by an electric current. — As 
stated in Section 3, the space surrounding a current-carrying con- 
ductor is a magnetic field. The intensity of the magnetic field at 
the center of a circular loop, and that surrounding a long straight 
wire, are of particular interest. 

(a) Field intensity at the center of a loop of r centimeters radius y 
in ivhich flaws a currefU of i amperes. — From equation (11), the 
intensity of the field set up by a magnet pole m placed at the 
center of the loop is 

B'=f, (12) 

and the force with which the current-carrying conductor and the 
magnetic field react is, from equation (8), 

/=^x— (13) 

= d\Ties. (14) 

10 r 

If n" IS the field intensity at the center of the loop due to the 

current in the loop, 

f^mn\ (15) 

mflr" = iH???, (16) 

10 r 

and ^ =— ;— • (17) 

(6) Field intensity x centimeters distant from the axis of a long 
straight "ivire in which flows a current of i amperes. — Let m magnet 
poles per centimeter length of the wire be uniformly distributed 
along a line parallel to and x centimeters distant from the axis of 
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the currejtit-carrying wire. The 4t lines which emanate from each 
unit pole radiate like the spokes' of a wheel, and are in a plane 
perpendicular to the axis of the current-carrying wire. Therefore, ; 
the intensity of the field at the wire is * 

i7' = 4^ (i8) ; 

lOX 

and the force exerted on each centimeter length of the conductor is 

, 2wi , . . 

/ = — ; dynes. (20) 

10 X 

If i?" is the field intensity at the poles due to the current-carrying 

wire, 

/ = mH" dynes, (21) 

X 

and H" = 5ii* . (23) 

X 

17. Relation of the gilbert to the ampere-turn. — Let a current 
of i amperes flow in a coil of n turns. When the coil is rotated 
about a unit pole, or a unit pole is moved around a path threading 
the coil, the work done is 

W = ^ (24) 

10 

= -^ ergs. (25) 

The magnetomotive force due to the current-carrying coil is, by 
definition, 

j=^-^ (26) 

10 
= 1.257 ni gilberts. (27) 

The quantity ni is termed "ampere- turns," and the ampere- 
turn is commonly used as a unit of magnetomotive force, 

18. The C. G. S. unit of electric current. — The c. o. s. unit 
of current is that current which, when flowing in a wire in and 
at right angles to a magnetic field having a density of one maxwell 
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per square centimeter, causes a mechanical force of one dyne to 
be exerted on each centimeter length of the wire. From equation 
(8), the c. G. s. imit is equal to ten amperes. 

19. Force of magnetic traction. — Lines of magnetic force act 
like rubber threads under tension and tend to shorten, and the 
tractive force or pull between two surfaces in contact is propor- 
tional to the square of the flux density of the magnetic field within 
which the surfaces lie. 

Let the flux passing from surface X (Fig. 
22) be divided into equal parts, and enter 
poles tn' and m" on surface Y. Pole m' lies 
in the magnetic field of pole m" and pole m" 
lies in the magnetic field of pole w', and there is a reaction between 
each pole and one-half the total flux. By definition, 




Fig. 22. 



Therefore, 



m = 



/ = 



« 



2X4^ 
2Xat 



X 



B 



[Similarly, 



Fore, 



16 T 

^B 



dynes. 



lut in a uniform field 



/" = -~— dynes. 
10 T 

<t>B. 

= T— d)aies. 

<t>=-AB 

AB^ 
f = -^— dynes 



8x, 

AB' 

24,655 
AB^ 



grams 



pounds, 



11,183,000 

en il = the area of the surface in square centimeters, 
B = the flux density in maxwells per square centimeter. 



(28) 

(29) 
(30) 

(31) 
(32) 
(33) 

(34) 

(35) 

(36) 
(37) 



/ = 



72,i34,cxx) 



pounds, 



(38) 
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when A = the area of the surface in square inches, 
B = the flux density in lines per square inch. 
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TABLE II 
pERMBABiLiTv OF Cast Ibon, Cast Steel and Sheet Steel 
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The qualily of j'roa varies greatly, and the above arc to be considered simply 

representative values. 

20. Counter-electromotive force. — When the reaction betwe^^ 

a current-carrying conductor and a magnetic field causes the co:^** 
ductor to move across the field, an electromotive force which oppos^^ 
the flow of the current is induced in the conductor, and the currec^^^ 
flowing in the conductor is proportional to the geometrical di ^' 
ference of the applied and the induced (counter) electromotiV^* 
forces. 

21. Magnetic leakage. — Unlike the electric current, a ma^^' 
netic flux cannot be conhned to a definite path, except under cor^-' 



Fig. 33. Magnetic Leakage. 

ditions which are not applicable to commercial electrical apparatus- 
The total flux in any magnetic circuit may be regarded as flowing 
in two or more parallel branches, the flux in each branch being" 
inversely proportional to the reluctance of that branch. In Fig. 
23 that part of the flu-f which flows through the air is termed the 
leakage flux. The ratio of the total flux set up by a magneto- 
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lUve force to the useful flux is the leakage coefficient. The 
ikage coeSdent of a dynamo depeods on its size and design, 
id varies from i.i to 1.5. 

In any magnetic circuit containing iron, the leakage flux is in- 
reasedby: 

(a) Increasing the total flux in the circuit. Since the permeability 
)I iron is a function of the flux denaty, the reluctance of the path 
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AHPERE-T0RI1S PER INCH 

Fig. 34. Magnetization Curves. 

rougli the iron increases as the total flux set up by coil A m- 
ases, the reluctance of the path through the air remains con- 
at, and a larger part of the total flux is diverted through the 
■ Fig. 23a. 

b) Increasing the length of the air gap between the metallic parts 
he magnetic circuit. Increasing the air gap increases the reluc- 
ce of one branch of the magnetic circuit without affecting that 
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of the Other, and diverts a larger proportion of the fiujc through 
the leakage path. Fig. 23b. 

(c) An auxiliary coil which sets up an opposing magnetomotive 
force. The counter-magnetomotive force set up by coil B acts as 
an additional opposition to the flow of the magnetic flux through 
that part of the circuit, and increases the relative quantity of flui 
diverted through the air. Fig. 23c. 

22. Magnetization curves. — Typical magnetization curves are 
shown in Fig. 24 for cast iron, cast steel and annealed stampings. 

It will be observed that for low flux densities the magnetization 
curve is an approximately straight line, that it bends sharply to the 
right when the magnetizing force is increased beyond a certain de&- 
nite value, and again becomes an approximately straight tine if the 
magnetizing force is sufficiently increased. From these curves it is 
evident that the reluctance of a magnetic circuit in iron is not con- 
stant, but increases with increasing flux density. 

23. The elementary dynamo. — A simple generator producing 
an alternatmg electromotive force may be constructed by rotating 





an open loop of copper wire or other conducting material between 
the poles of a magnet, and providing means for connecting the termi- 
nals of the loop to an outside circuit. This arrangement is illus- 
trated in Fig. 25 where the terminals of the loop are connected to 
insulated copper rings mounted on the shaft. Stationary conduc-' 
tors (brushes) press against these rings and through them connec- 
tion is made to an outside circuit. 

Unidirectional currents are obtained in the outside circuit by the 
arrangement shown in Fig. 26. Instead of connecting the terminals 
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Fig. 27. 



of the loop to separate rings, connection is made to a single ring 
which is divided, the segments being insulated from each other. 
By placing the brush mid-way of the pole face, it passes from one 
segment to the other when the loop is in the position where it 
is generating zero electromotive force, and 
the current in the outside circuit always 
flows in the direction indicated by the 
arrows. The magnitude of the electro- 
motive force varies with the position of the loop, the values during 
one revolution of the loop being plotted in Fig. 27. If, instead 
of a single loop, a number of synmietrically spaced loops are con- 
nected in series the electromotive force of the system is the simi 

of the instantaneous electromotive forces 
induced in the individual loops, and the 
potential difference between the stationary 
brushes is approximately constant. Fig. 28 
shows the electromotive forces induced in 
each of three symmetrically spaced loops, 
and the resultant electromotive force due 
to the combined action of the three loops. The greater the 
number of loops in the series, the more nearly the resultant approxi- 
mates a straight line. 

Structurally the electric generator and the electric motor are 
identical, and the same machine may be used for the production 
of electrical energy or for its conversion into mechanical energy. 



tfesyitant 




Fig. 28. 



CHAPTER n — PROBLEMS 

1. Find the magnetomotive force set up by a winding of 100 turns when a 
current of 5 amperes flows in the coil. 

2. Determine the permeability of the iron around which the coil in Problem 
I is wound if the length of the coil is 10 inches, and the flux density in the iron is 
io/xx> lines per square centimeter. 

3. The reluctance of a magnetic circuit is 10 oersteds. Find the flux set up 
by a magnetomotive force of 150 gilberts. 

4. Find the flux density when the force (pull) between an electromagnet 
and its armature is 60 pounds per square inch. 

5. A copper wire is moved across a uniform magnetic field at the rate of 500 
feet per minute. Find the electromotive force, per unit length, induced in the 
wire if the density of the magnetic field is 75,000 lines per square inch. 

6. A closed loop rotates in a uniform magnetic field at the rate of 200 r.p.m. 
and the maximum flux linking with the loop is 1,000,000 lines. Find: (a) the 
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effective value of the electromotive force induced in tbe loop, (6) the curreni 
flowing around the loop if the resistance of the loop is o.oi ohm. Neglect any 
inductance. 

7. Find the force acting on a current- carrying wire 10 inches long, lyin^ 
wholly within a uniform magnetic field (B = 45,000 lines per square inch), and 
canying a continuous current of 1000 amperes. 

8, Find the average force acting on the wire in Problem 7 when an alter- 
nating current of 1000 amperes (effective) flows in the wire. 

g. A series magnetic circuit is composed of: 6 inches of cast iron, density 
35,000; 8 inches of cast steel, density 75,000; 1-inch air, density s°,°°°- 
Find the ampere-turns required in the winding. Use curves in Fig. 14 for tbe 
iron and the slecl. 

10. A magnetic circuit 10 inches in length is made up of sheet-iron punchinp 
(laminations), and excited by 1000 turns. Find the exciting current when lie 
average flux density is 40,000, and go% of the cross -sectional area is ivon. 

11. A conductor 15 inches long moves across a magnetic field having a iini- 
form density of 48,000 lines per square inch. Find the electromotive force 
induced in the conductor if the conductor moves at the rate of 4500 feet p« 
minute. 

1 2. If the magnetic field in Problem 1 1 consists of poles g inches long and 
separated by a distance of 3 inches, find the average electromotive force inducfll 
in the conductor. 

13. A continuous- current armature is 18 inches long and 30 inches in di- 
ameter. The electromotive force induced in each conductor as it passes und« 
an interpole 1 5 inches long is i volt when the armature rotates at a speed of 60a 
r.p.m. Find the flux density in the air gap under the interpole. 

14. Show that the field intensity in a long solenoid is 



H = 



rjVi 



15. Show that the ampeTc-ti 



I 
1 the exciting coil of an electromagnet 



Nl = 



Whfl 



B = the maxwells per square centimeter, 
/ = the length of the magnetic circuit in centimeters, 

16. Show that the ampere-turns in the exciting coil of an electromagnet are 






NI = 



B = the maxwells per square inch, 

I = the length of the magnetic circuit ii 



17, An electromagnet lifts 5 tons (10,000 pounds). The mean length of tbe 
magnetic circuit = 60 inches; cross-sectional area = 20 square inches; 
looo. Find: (a) the total flux, (i) the flux density, (t) the ampere-tuins in 
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the exciting coil, (d) the magnetomotive force (gilberts), {e) the field intensity, 
(/) the reluctance of the circuit. 

18. A hollow wronght-iron cylinder (outside diameter = 12 inches, inside 
diameter = 6 inches) 6 inches long forms part of a magnetic circuit, the flux 
in which is parallel to the axis of the cylinder. Average density = 61,000 
lines per square inch, p =20. Find: (a) ampere-turns required, (b) flux 
density in the iron, (c) field intensity, (d) reluctance of the cylinder. 

19. A point lies on the axis of a circular loop of wire in which flows a cur- 
rent of i amperes. The radius of the loop is r centimeters, and the point is 
I centimeters distant from the plane of the loop. Show that the field inten- 
sity at the point is 

0.2 xr^i 



H = 



(r^ + ^)^ 



20. The currents in two long parallel wires are equal but flow in opposite 
directions. Show that the field intensity at any point on a line joining the 
centers of the wires is 

rw _. 0.2 i , 0.2 i 



D-x 



when D = the distance in centimeters between the axes of the wires, 

X = the distance in centimeters of the point from the axis of one wire. 

21. A long solenoid has n turns per centimeter of its total length. Show 

that the field intensity at any point inside the solenoid, except near the ends, 

is 

H = 0.4 Tfii 

Gvhen / amperes flow in the windings. 



I 



CHAPTER m 

PRACTICAL CONSTRUCTION OF THE DYNAMO 

I. Parts. — The principal parts of a commercial dynamo are: 
(a) frame, (b) field poles, (c) field windings, (d) armature core, 

(e) armature winding, (/) yoke, (g) commutator, (A) collector 

rings, (i) brushes, (j) brush holders. 




(a) Frame. — The frame of a dynamo is the supporting structure, 
and includes the base and the supports for the bearings in which the 
armature shaft rests, as well as the yoke. It is usually made of cast 
iron or cast steel, 

(b) Field poles. — The field core is a body of iron around which 
the field winding is placed. Its function is to reduce the reluctance 
of the magnetic circuit (increase the flux for a given field winding 
and current), and to supply a mechanical support for the field windr 
ing. It may be made of cast iron, of cast steel, or be built up of 
stampings bolted or riveted together. Fig. 32 shows a typicaJ form 
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of field pole. The part next "the armature is usually spread out to 
pve a larger cross-sectional area as it is desiraljle to have a smaller 
flux density {flux per unit of 
cross-sectional area) in the air 
gap than in the body of the 
pole. This enlarged part is 
termed the pole shoe, and is 
sometimes made as a separate 
piece and bolted to the core. 
The field poles and the yoke 
nf small machines are some- 
times cast in a smglc piece. 
When made separately, they 
,ire bolted together, the joint 
■.-ing made as close as possible 
in order to reduce the reluc- 
tance of the magnetic circuit. 

(c) Fieid windings. — The field winding of a dj-namo is that part 
which produces the magnetic field or flux across which the electrical 
conductors move, or which moves relatively to the conductors- 
It consists (Fig. 33) of a coil of insulated cop- 
per wire, the exciting current being supplied 
by the dynamo itself (self-excited) or from some 
outside source (separately excited). 

(d) Armature core. — The armature core is 

ji. TypiaJ Fidd that part of the dynamo over or around which 

m [ot ContinuouE the armature conductors are placed. It serves 

■ as a mechanical support for these conductors 

and as a path through which the magnetic 

ail is completed. Armature cores are of two classes: (1) ring, 



c. 31. Frame and Field Structure oi Tri- 
umph Continuous Current Djiiamo. 




I 



) Ring cores. — The armature cores of early dynamos were iron 
s through which the conductors were threaded, as shown in Fig, 
Because of mechanical and electrical deficiencies, the ring 
istniction is seldom used in present day machines, 
I Drum cores. — The drum core consists of an iron cylinder 
. 34b) on the surface of which the armature conductors are 

.ture cores are built up of thin stampings (laminations) 
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soft iron or steel. The purpose of this construction is to redu 
the eddy currents which flow in the body of the core and cause it 
heat. Laminations vary in thickness from o.oi inch to 0.04 inch 
Early dynamos wei 
built with smooth corei 
^-^■^MH^^ the armature conductoi 

■^^^^^H% on their surface being hel 
HI Bl ^ place by binding wirei 

^^^P ^U In later t>pes, the anna 

■S^^^^^eS tare conductors are place 
^^^B^B^^ in sluts as shown in Fig. 3; 

and retained by means ( 
wooden or fiber wedge 
Different slot forms ai 
used by different manufacturers, from an entirely closed slo 
through which the armature conductors are threaded, to tl 



rectangular (open) slot. 



Tjpical Field Coils (Wcatinghous 




Fig. J4a. Ring Armature. 



Fio. 34b, Dmm Armaiiu 





(a) Core. (b) Lamination. 

Fio. 35. Armature Core and Lamination for Crocker-Wheclet Continu 



(e) Armahtre windings. — The armature winding consists ( 
electrical conductors which move relatively to the magnetic i 



'. magnetic ^ 



[ or bsK, ditidul 




Fk. j6, rimiftrfi .\tBBt(Bc far Ciw^cf- 



PR.\cnc.\L coxsTRCcnas or the mTcuio 

Tor machines of the osual axnnierazl 

sists of se\-eral huodmt insulated copper 

i::W< groups, the wires of t-iih 

- ' up being connected in sen^- 

■1 the groups in paxallrl. Th-_ 

runiber of parallel groups Li 

-iver greater than the niunbir 

'. poi« on the dvnanw isimplcx 

.bindings', and there umy hn 

Illy two parallel groups on a 

n ntinuous-current armalun:. rt- 

^irilliss of the number of poles. 

ihe innature conductors of an 

i&tor are usually aD connected in series (siB^r~pltB9c alter- 
A tjpical armature coil haxing one tam is shown in 

^^^ Two or more omI ades are usuaUy placed in 

one slot, one side of each ooO being [daced in 

tbe bottom ot a slot and the other side in the 

top of a slot under an adjacent pole. This 

■ Skucid irf arrangement makes all the coils on an armature 

similar, and gi\-es the bnisbed annature a sj-m- 

metrical appearance. 

I CmHnuotis-curraU armature -jAttdingi, — The principal t>'pes of 

nature windings used on continuous-current d\-namos are; (t) lap, 

||»ive. 

) Lap or paraUel windings. 
pThe 1^ or parallel winding b 
d when the armature conduc- 
ts ire to be divided into as many 
piroups as there are poles on the 
Starting at any com- 
■ mutator segment, the armature 
' niluctor passes under one pole, 
-oss the rear end of the core, and back under an adjacent pole 
I t/ii:h is of an opposite polarity), then to tbe commutator segment 
Jtent to the one from which the coil started. The second coil 
:-!s from the commutator segment at which tbe first ends, the 
iririi where the second ends, etc, until the winding closes on itself 
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Fig. 33. TjpicU ArmalurE 
Triumph Elcctfic Co. 
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at the commutator segment from which the first coil started. 
Fig. 39- 

Dynamos having lap- wound armatures are provided with as many 
brush sets as there are poles- 

If, for any reason, such as the wearing of the bearings, the elec- 
tromotive forces generated in the different parallel branches u[ i 
lap-wound armature are unequal, hea\y currents circulate in the 
winding. These currents cannot be prevented but their effects are 
minimized by cormecting, through heavy "equalizer" rings, such 
points of the winding as are normally of the same potential. 

(2) IVave or series windings. — In the wave or series winding, the 
armature conductors are connected into two parallel groups. Starl- 
ing at any commutator bar, the conductor passes under one pole, 
across the rear end of the core, and back under an adjacent pole 




Fig. 39. Elementary (Lap) Anuature 
Winding. 



Fic. 40. Elementary (Wave) AnMUH* 
Winding. 



(of opposite polarity) to a commutator bar which is separated froio 

the one from which the coil started by a distance slightly greater o^ 

slightly less than 



total number of commutator bars 



, r ■ I , If a dv-nam" 

number of pairs of poles 

has four poles, the total number of commutator bars required is 

C = 2F±I, (!) 

when Y is the number of commutator bars between the terminal con- 
nections of any given armature coil. If T = 9 (terminals of first coil 
connected to commutator bars i and lo), the total number of commu- 
tator bars must be either 17 or ig. By reference to Fig. 40, it will be 
seen that the winding closes on itself, as in the lap winding, by mak- 
ing a final connection to the commutator bar from which it started. 
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Since the wave winding offers only two paths for the current flow, 
only two brush sets are required and their proper position is shown 
in Fig. 40. Additional brushes may be used, the total brush equip- 
ment acting like two brushes having a total contact area equal to 
the sum of the areas of the individual brushes. The additional 
brushes do not affect the voltage to any appreciable extent. 

The relative positions of the brushes on a multi-polar wave- 
wound armature make it especially adapted for street car and 
other enclosed motors which are accessible from one side only. 

Alternating-current armature windings. — The armature winding 
of an alternator does not differ, essentially, from that used in con- 
tinuous-current machines, but the winding does not usually form a 
closed circuit. An elementary ■ _s_ ; 

winding for alternators is Xy^^^\~, 

shown in Fig. 41 . If the arnia- ,--' /(fj/rV\\^\ 

ture rotates, the terminals are " /'l.-^^rNAVV t (///J I ll \ " 
wnnected to insulated copper ,, 'yy^^'^'''^^\S^ \ - 

rings mounted on the shaft; JOv^A^ ^^^^^^\^^^-^^ 
if the armature is stationary, Wa, — '^>si--^^-^^~~~\ 
the terminals are connected '''''!kS^^^!?^ /9^^\a\\ ''"~^ 
to insulated blocks from which 5 '^^o^^il^V/? /TllvO I ) \>/ 
connection is made to the '-T'^" — / / I \yjjjSl'' 

switdiboard. -^ ^-$^^^^'""- 

Alteraator armature wind- T ~ "J"' 1 

ings in common use are: (i') ^ 
diaio, (2') basket. 

(0 Chain windings. — In the chain winding one coil ade only 
B placed in a slot. This winding is, therefore, especially adapted 
to high-voltage machines, the coils being easily insulated. The 
objection to the chain winding (but this objection is not serious) is 
that the coils are of different shapes and the individual conductors 
of different lengths. Fig. 42 shows a simple chain winding. 

(2*) Basket windings. — In the basket winding two coil sides per 
slot are used. The coils are, therefore, similar, their form and 

anangement being shown in Fig. 43. Basket windings are largely 

used for low- and medium-voltage alternators, and for induction 

motors. 
Jn both chain and basket windings all the conductors are con< 

lected in series (single-phase windings) so that the current flow is 
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e coil are ci 



confined to a single path, i.e., the terminals of o 
to the terminals of adjacent coils. 

(/) Yoke. — The yoke is that part of the frame connecting 




4j. Basket Armat 
Triumph Eleclric Co. 

pole pieces, and serves the double purpose of a mechanical sup] 
for the tield poles and their windhigs, and of a path for the flu 
pass from the south to the north pole. Fig. 44 shows cross sect 
^^,,.,,^ ^ ,. of several common foi 



The ridges on c are ac 
to give additional mechai 
strength. 

(g) Commutator. — 
commutator is a cylind 



(a) (b) (c) 

Fig. 44. Cross Sections of Typical Yokes. 

Structure made up of copper bars insulated from each other and I 
the supporting structure. It is fastened to the armature shaft ■ 
which it rotates. Its purpose is to rectify (make unidirectional' 
alternating current which flows in the armature winding of a coi 
uous-current generator, or to periodically reverse the direction o 
current flowing in the armature coils of a continuous- current m 
The best insulation obtainable is used to insulate the bars 
each other and from the supporting frame. Mica is gene 
used for this purpose. A cross section and a sectional elevi 
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a commutator are shown in Fig. 45, and a typical commutator 

Fig. 46. 

(*) Collector rings. — In an alternator with rotating armature, 




Fto 45 Commutiitor 



Fic. 46, CfinimuUtor. 
umph Electric Co. 



K terminals of the armature winding are connected to insulated 
per rings mounted on the shaft. In an alternator with rotating 
Sid, similar rings (but not always of copper) arc provided for the 
nninal coimections of the field windings. Through these rings 
llinuous current is supplied to the field. 
fe.47- 

,(t) Brushes. — The brushes are those parts 
i dynamo which make sliding contact with 
commutator or the rings, and through 
I current is taken from or supplied to 
rotating armature, or supplied to the 
Iting field of an alternator with stationary 
ature. Brushes are made of: (i) carbon, 
Copper. 
;) Carbon brushes. — Carbon brushes are 

r extensive use on commutating machines at the present 
3 they offer a material help in the prevention or the reduc- 
of sparking. Also, being set radially, the armature may be 
kd in either direction without danger of injury to the brushes. 
ton brushes are sometimes coated with a deposit of metallic 
er to give a reduced contact resistance between the brush 
tatid the line connection. 

(2) Copper brusftes. — Various forms of copper brushes are still 
Jtaed on alternating-current apparatus where no commutatiori takes 
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place, and where it is undesirable to have the large contact reast- 
ance characteristic of carbon brushes. A common form of copper 
brush consists of a number of thin leaves of spring copper soldered 
together at one end. 

(_/) Brush iiolders. — A brush holder is the arrangement by 
means of which the brush is supported and held in contact with 
the commutator or the ring. It is usually connected to a rocker 
by means of which the angular position of the brushes may be 
changed. A typical brush 
holder for carbon brushes b 
shown in Fig. 48. 

2. Classes of dynamos, 
— Dj-nanios are divided 
into two general classes 
according to the nature 
of the current they pro- 
duce or use: (a) continu- 
ous current, (6) alternating 
current. 
Continuous-current dynamoJ 




Fig. 4S. Carbon Brush and Brush Holder. 
Triumph Electric Co. 



(a) Conlinuous-currenl dynamos. 
are sub-divided into four divisions according to the character of 
the field excitation: (i) shunt, (2) series, (3) compound, (4) sepi* 
rately excited. 

(1) Shunt dynamos. — In the shunt d>Tiamo, the field is excited 
by means of a winding composed of a large number of turns of insu- 
lated copper wire connected to the terminals of the armature circiut 
so that the field winding and the load circuit arc in parallel when the 
d>Tiamo is operated as a generator, and the field winding and the 
armature circuit arc in parallel when the dynamo is operated as4 
motor. 

The field current is orJy a small percentage of the rated current 
capacity of the dynamo, and is controlled by means of an adjustable 
resistance or field rheostat connected in series with the field winding- 
Since, for a given magnetization, it is required that the product ol 
the current (amperes) flowing in the winding and the number of 
turns in the winding be constant) the larger the number of turns tl* 
smaller is the required current. 

Fig. 49 shows the schematic and the conventional wiring diagrams 
of a shunt dynamo. 
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/V«4^ 



<o» icff^aftc 




(b> C 



Fig. 49. Wiring Diagrams for 
Shunt D>Tiamo. 



(2) Series dynamo. — The field of a series dynamo is excited by 
few turns of heavy wire through which flows the entire armature 
jrrent, or a constant part of this current. The field excitation, 
ostead of being approximately con- 
stant, as in the shimt dynamo, is 
pioportional to the current flowing 
in the armature, i.e., to the load 
on the dynamo. The field flux, how- 
ever, may not increase or decrease in 
proportion to the change in the excita- 
tion because of properties of the iron parts of the magnetic circuit. 
The schematic and conventional wiring diagrams of a series dy- 
namo are shown in Fig. 50. The resistance, shown in the conven- 
tional diagram as shimting the field winding, is for the purpose of 

varying the field excitation for a given 
armature current. This resistance is 
made of German silver or other high- 
resistance material, and determines the 
characteristic of the dynamo. It may 
not be changed while the dynamo is 
in operation, as may the resistance in 
the field circuit of a shunt dynamo, but is permanently connected 
to the field terminals and is changed only when the characteristic 
^ the dynamo is to be altered. 





fiG- so. WiEmg Diagrams for 
Series Dynamo. 



/fes'/afonce 





Pes/5foftcr\ 



Vm^ 
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y'-'Y^ ^ Senes fietd 
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*M^.OtfK 



( b> Shomt Shunt ic»fiJt9ntional ) 



<c> Lone Smuwt lio n mtttho na lt 



Fig. 51. Wiring Diagrams for Compound D>Tiamo. 



(3) Compound dynamo, — The compound dynamo is, as the name 
implies, a dynamo having both a shunt and a series field winding. 
When the shunt field winding is connected to the terminals of the 
armature circuit, it is termed a "short shunt'* compound dynamo; 
irlien the shunt field winding is connected so that the voltage be- 
tween its terminals is the line voltage, it is termed a "long shunt" 
orapound dynamo. Conventional and schematic diagrams are 
hown in Fig. 51. 



1 



.^ 



vv:- 
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<oi SchemotK 



( b) ConvenHonol 

Fig. 52. Wiring Diagrams for Separately 
Excited D>'namo. 



(4) Separately excited dynamo. — If the field windings of a genera- 
tor are supplied from some other source than its own armature, or 
the field and armature of a motor from different sources, it is said 
to be "separately" excited. Continuous-current dynamos arc 
seldom separately excited while alternators are always excited in 
this way. The field winding of a separately excited dynamo does 
not differ from that of a shunt dynamo, and any dynamo may be 

separately excited by connect- 
ing its field winding to a con- 
tinuous-current circuit of the 
proper voltage. Fig. 52. 

(ft) The alternator. — The 
only essential difference be- 
tween an alternator and a 
continuous-current dynamo is the substitution of continuous cop- 
per rings for the commutator, since alternating electromotive 
forces are induced in a continuous-current armature. These rings 
serve as a means of connecting the armature winding and the 
outside or load circuit. The alternator is not self-exciting. 

However, in most alternators of the present day, the field instead 
of the armature is the rotating part, the armature winding being 
placed in slots on the inside of a cylindrical iron core, as shown in 
Fig. 43. In this type of alternator, rings are provided for connecting 
the rotating field winding to its continuous-current supply. 

The field excitation of an alternator is often supplied by a smaD 
continuous-current generator, the armature of which is mounted oft 
or belted to the alternator shaft. In large installations, the fields ^ 
of all the alternators are supplied from one or more (usually not 
less than two) continuous-current units, each of which is driven 
by its own prime mover. 

Attempts have been made to provide alternators with series (coH** 
pound) windings by rectifying a portion of the armature current ij 
The operation of such alternators (composite alternators) is not 
entirely satisfactory * and their manufacture has been discontinued ..* 
3. Speed and frequency of an alternator. — The speed, the fte*^ 
quency and the number of poles of an alternator have a fixed rdi*i 

* The degree of compounding changes with the power factor, and excessive spad 
ing takes place unless the brushes are adjusted so as to pass from one segment t 
another at the instant the current is passing through its zero value. 
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tion to each other. An alternating-current cycle means the passage 
of the current, or the electromotive force, through all its values, 
both positive and negative, i.e., starting at zero the value rises to 
maximum, decreases to zero, rises to maximum in the opposite direc- 
tion, and again decreases to zero. To complete one cycle, a con- 
ductor must pass across a north and a south pole, or through 360 
electrical degrees.* Then, for any given frequency, the speed is 
inversely proportional to the number of field poles, 



n = -^ 



(2) 



/= 



(3) 



and for any given speed, the frequency is directly proportional to the 
number of field poles. 

2 

when / = the frequency of the alternating current or electromo- 
tive force, 
n = the speed (revolutions per second), 
p = the nimiber of field poles. 

In America two frequencies have become standard — twenty-five 
O'des for exclusive power service, sixty cycles for exclusive lighting 
service or for service which supplies both lamps and motors. In 
Europe a frequency of fifteen is 
1 largely used. The lower f requen- 
'■ des, while preferable in many re- 
^ectafor motor operation, are en- 
tirely imsatisfactory for lamps. 
If the frequency of an alternating 
current supplied to incandescent 
lamps b reduced to about forty, a distinct variation in the light 
intensity (which tires the eye) becomes noticeable. The same 
trouble is experienced with arc lamps. 

4. The inductor alternator. — An alternating electromotive force 
may be induced in a conductor without moving either the con- 
juctor or the exciting coil of the field magnet. In Fig. 53 let A be 
t cylindrical body of laminated iron similar to the armature struc- 
ure of any rotating field alternator, except the central part is cut 

* .^n electrical degree is the 360th part of the angle subtended, at the axis of the 
lachine, by radial lines through the centers of alternate field poles. 





Fig. 53. Schematic Diagram of 
Inductor Alternator. 
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away to receive a coil B of insulated wire, and C is a body of iron 
having radial projections as shown. 

When coil B is supplied with continuous-current, a magnetic flux 
is set up as indicated by the heavy lines in the cross-sectional view. 
This magnetic flux is distributed in tufts over approximately one- 
half the inner surface of part A and moves around the cylinder 
as part C rotates. The conductors on the surface of A are cut by 
the flux in the same manner as if C were a permanent magnet. 

The frequency of an inductor alternator is 
twice that of a rotating field alternator having 
the same nimiber of poles and operating at the 
same speed. 

This construction, while very simple, fails to 
show either good regulation or high efficiency. 
5. Field discharge resistance. — When the 
field circuit of a dynamo is opened there is 
induced in the field windings an electromotive 
force, due to the rapid decrease in the flux 
threading the windings. This induced electro- 
motive force may be so large as to rupture the 
insulation unless an auxiliary resistance, in 
which the energy stored * in the magnetic field may be dissipated, is 
provided. Such a resistance is known as a "field discharge" re- 
sistance, and is commonly used with machines having a capacity 
greater than 100 kw. Fig. 54 shows the essential arrangement 
and operation of a discharge resistance. 

CHAPTER III — PROBLEMS 

1. Find the resistance of a 6-pole lap- wound armature, the winding of which 
consists of 3000 feet of No. 10 copper wire (= 10,400 circular mils). 

Note. — The resistance of any armature winding is equal to the resistance of 
the total length of conductor on the armature, divided by the square of the 
number of parallel paths into which the conductors are connected. 

2. The armature in Problem i is to be wave wound, the same total weight 
of copper to be used and the armature to have the same nimfiber of series con- 
ductors between positive and negative brush contacts. Find: (a) the size and 
the length of the wire required, (b) the resistance of the armature winding. 

3. Plot a development t of a 4-pole, wave- wound armature having 35 
slots, 105 commutator bars and 630 conductors. 

* See Appendix B, Section 6. 

t Armature windings should be studied by means of wooden models on which the 
different windings may be placed. 



Fig. 54. Field Discharge 
Resistance. 
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4. Plot a development of a 4-pole, lap-wound annature having 44 slots, 
^commutator bars and 352 conductors. 

5. The frequency of an alternator is 60. Find the speed when the niunber 
of poles equals: (a) 2, (6) 4, (c) 6, (d) 8, {e) 10, (/) 25, (g) 40. 

6. The frequency of an alternator is 25. Find the speed when the niunber 
of poles equals: (a) 2, (6) 4, W 6, (d) 8, (e) 10, (/) 25, (g) 40. 



CHAPTER IV 

THE CONTINUOUS-CURRENT GENERATOR 

1. The fundamental equation. — The voltage induced in the 
armature windings of a continuous-current generator is directly 
proportional to: (a) the flux </> entering or leaving the armature at 
each pole, (&) the number of poles p in the field structure, (c) the 
total number of conductors N on the armature, (d) the speed n 
(revolutions per second) at which the armature rotates. It is in- 
versely proportional to the number of parallel circuits p' into which 
the armature conductors are connected. The equation representing 
the above statement is known as the fundamental^equation of the 
continuous-current generator. 

E = ^?^, volts. (1) 

The constant (lo^) represents the ratio between the volt and the 
c.G.s. unit (the abvolt) of electromotive force. 

2. Voltage characteristic. — The voltage characteristic of a gen- 
erator is a curve showing the relation between the voltage of thf 
generator and the load or the armature current, and is: (a) Cl" 
temal, (b) internal. 

(a) External characteristic. — The external characteristic shoW* 
the relation between the terminal voltage of a generator, and tb* 
current flowing in the load circuit. This is the experimental curv^i 
and is the one usually referred to when the term "voltage charactef^ 
istic" is used. 

(b) Internal characteristic, — The internal or total characteristic 
shows the relation between the total voltage induced in the armatuf 
winding, and the armature current. When current flows in the zS' 
mature circuit, the resistance of the circuit makes the termini 
voltage of a generator less than that induced in the winding. TW 
total voltage is, then, the terminal voltage plus the voltage droj 
in the armature circuit and that in the series-field windings, 2 
the dynamo is either series or compound. 

£« = £, + RJ, + RJ, + £6, [t] 

6o 
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when £« = the total electromotive force induced in the armatiire 
winding, 
fi = the terminal electromotive force, 
h = the armature current, 
It = the current in the series-field circuit, 
^ =^ the resistance of the armature circuit, 
^ - the resistance of the series-field circuit, 
fi = brush contact drop.* 

The total current flowing in the armature circuit is, evidently, 
the sum of that in the load circuit and that in the shunt field circuit. 
It may be measured directly or calculated by adding these two 
quantities. The current in the series field circuit of a compound 
generator is equal to that in the armature circuit or to that in the 
ioad circuit, as the generator is long or short shimt. 

3. Voltage regulation. — When the speed of the armature, the 
resistance of the armature winding,! and the resistance of the field 
circuit are constant, the voltage regulation of a generator is the 
ratio of the maximum deviation of the actual characteristic, between 
hll load and no load, from the ideal characteristic, which is always 
a straight line, and the full-load (rated) voltage. 

4. Building up. — " Building up " is that process by which the 
Wdflux of a self -excited generator b increased to its normal value. 
When the iron in the magnetic circuit is once magnetized it retains 
some of its magnetic property (residual magnetism), and when the 
^nnature is rotated in this weak magnetic field a small electro- 
fltotive force is induced in the armature windings. This electro- 
DK)tive force causes a current to flow in the field windings and, if 
the windings are properly connected, the flux is increased. The 

* It has been experimentally determined that the voltage drop between the brushes 
lod the commutator is a function of the current density in the area of contact. The 
drop per pair of ordinary carbon brushes is represented, with sufficient accuracy for 
general calculations, by the formula: 

£6«o.8H-o.2D, (3) 

rhen D » the current density (amperes per square centimeter) in the contact area 
letween the brush and the commutator. Present practice allows five to six amperes 
er square centimeter of brush contact area at rated load. For densities less than 
De ampere per square centimeter, the values obtained by equation (3) are too large, 
k. dose approximation is obtained by assuming the brush-contact drop equal to the 
orient density, 
t The brush-contact resistance is not constant. 
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increased flux causes a larger current to flow in the field windings, 

and increases the flux still further. 

A self-excited generator can not build up if the flux set up by the 
field windings opposes the residual magnetism of the iron in the 
magnetic circuit. If the magnetism due to the field windings 
opposes the residual magnetism, the proper relations are obtained 
by: ((j) reversing the field cormections, (6) reversing the direction oi 
armature rotation. 

(a) Reversing the field connections. — If the terminal connections 
of the field circuit are reversed, the direction of the current flow 
in the field coils is reversed, and the two fluxes are no longer 
opposed. 

(fi) Reversing the direction of armature rotation. — If the direction 
of armature rotation is reversed, the polarity of the armature ter- 
minals is changed, causing the direction of the current in the field 
coils to reverse, and the two fluxes are no longer opposed. 

5. Commutation. — Commutation is the process of rectifying the 
alternating currents which flow in the armature conductors. Un- 
like the elementary (single loop) generator described In Chapter 1, 
Section 23, the conductors of commercial armatures may carry 
maximum current even though no electromotive force is being in- 
duced in the conductors themselves. Also, since the current in l 
given coil periodically reverses in direction, the current in the con- 
ductor must be reduced to zero and a current of like value estab- 
lished in the opposite direction during the very short time that the 
brush is in contact ivith the two commutator segments to whidi 
the terminals of the armature coil are connected. The inductance 
of the circuit tends to maintain any current that may be flownng 
in the coil at the time the brush short-circuits the coil, and to prt- 
vent the establishment of a current in the opposite direction. 

The current flowing in the coil may be reduced to zero and a cut- 
rent in the opposite direction established during the time tb* 
brush is in contact with two commutator segments by: (a) changing 
the relative resistances of the paths through which the current may 
flow, (b) causing the conductors to generate an electromotive force 
opposite to that which established the original current. 

(a) Resistance commutalion. — Since the resistance of an armatuit 
coil, even when composed of several turns, is very low, a compara- 
tively small additional resistance reduces the current very mateii- 
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lly. Inherent properties of the circuit itself are used for this 
lurpose. 

The contact resistance between a carbon brush and the conunu- 
ator is many times the resistance of the armature coil and increases 
IS the area of contact decreases. Let Fig. 55 represent the rela- 
ions of the coils, the commutator segments and the brush of a two- 

Dole generator just before the brush 

makes contact with segment 4. One- 
half of the line current flows through 
ouls a, b and c, unites with the other 
half Sowing in coils d, e and /, and 
passes to the brush through the 
radial connection and segment 3. An 
instant later the brush makes contact 
with s^ment 4, the current in coils 

( and / naturally seeks the shorter path through segment 4, and 
cuirent is diverted from coil d: As stated above, the inductance of 
coil (/, as well as the relative resistances of the two paths now pro- 
wled for the passage of the current to the brush, prevents an in- 
iliataneous diversion of all the current from the coil. As the 
imature continues to rotate, the area of the brush in contact with 
s^ent 4 increases, and the area in contact with segment 3 de- 
creases, changing the relative resistances of the two paths, so that 
[ cttiient in coil d has decreased to approximately zero when the area 
j of the brush in contact with segment 4 is equal to the area in con- 
tort with segment 3, 

As the area of contact between the brush and segment 3 decreases 
till further, the resistance of this path increases, that through seg- 
■Mnt 4 decreases, and a reversed current is gradually established in 
coD d. When contact between the brush and segment 3 is broken, 
& entire current should be flowing through coil d, and no sparking 
occur. 

(b) Voltage commulalion. — Since the electromotive force induced 
U an armature conductor is zero only at one point (the neutral), if 
1» brushes are advanced in the direction of armature rotation, 
Hmunutation is delayed until an opposing electromotive force is 
induced in coil d. This opposing electromotive force tends to 
reduce the current Sowing in the coil, and to establish a current 
m the opposite direction. The magiutude of the opposing electrO' 



64 



ESSENTIALS Ol' ELECTRICAL ENGINEERING 




L 



motive force depends on the angular advance of the 
Therefore, to produce sparkless commutation the positioi 
brushes must be changed as the load on the generator inci 
decreases. 

To make the commutating flux proportional to the currei 

armature coil, the construction shown in Fig. 56 is used. T 

poles (commutating 01 

poles) are excited by me 

winding connected in sei 

the load. The flux is, tl 

always of the propervalu 

duce sparkless commutat 

no shifting of the brusht 

cssary for changing load 

In nearly all dynamc 

cent design, a combinatii 

Fig. s6. CommuUUng Pol. Field Sttuc- ^„j ^jj j^ ^^^j j^ ^^^ 

ture. Crocker-Wheclcr Co. . , 

commutation, lugh - n 
carbon brushes being used in cormection with an angular 
of the brushes or with interpolcs. Interpoles are extensiv 
in present day dynamos, but satisfactory commutation, froir 
to 25 per cent overload, is accomplished without their 
without changing the position of the brushes. 

6. Armature reaction. — WTicn 
current flows in an armature wind- 
ing, a magnetic flux is set up, as 
indicated in Fig. 57. The magneto- 
motive force of the armature is 
proportional to the current in the 
winding, and the direction of the 
flux is at right angles to the polar 
ajis. At one tip ot the pole, the "-•"•'■■■»-""■■■■■ 

■^ "^ ' Armature Current 

magnetism thus set up decreases 

the flux due to the field winding, and increases it at tf 
tip, its main effect being to change the symmetrical i 
tion of the flux in the air gap* shown in Fig. 58, to the 
metrical distribution shown in Fig. 59, and to shift the neui 

* The effect of aroatuie teeth on the diatributiou of the 9iu b 
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K^tion in which zero electromotive force is induced in a conductor) 
ia the direction of armature rotation. 
To produce good commutation the brushes must be moved fore- 
^wd * as indicated in Fig. 60. This movement of the brushes pro- 
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Fig. 58. Symmetrical Distribution of Flux in Air Gap. 
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Re. SQ. Unsymmetrical Distribution of Flux in Air Gap Due to Armature Currents. 

iuces a corresj)onding change in the direction of the flux set up by 
the armature winding, and the armature magnetomotive force may 
be resolved into two components at right angles to each other. One 
of these comj)onents is proportional to the sine of the angle of brush 
advance and tends to set up a flux 
opposite in direction to that produced 
by the field windings, hence the term 
"demagnetizing action." The other 
component of armature magnetomotive 
force is proj)ortional to the cosine of 
4e angle of brush advance, and has 
Ae distorting effect described above. 

The effect of armature reaction is, 
^n, twofold: (a) Cross-magnetization or distortion which is pro- 
portional to the current flowing in the armature conductors and to 
^ cosme of the angle of brush advance. Because the angle of 
hrush advance never exceeds a few degrees, for which the cosine is 

The brushes of dynamos having commutating poles are set on the geometrical 
"Wtral (midway between the pole tips), and the effects of armature reaction are re- 
*Ked to a minimum. 




Fig. 60. Comiwncnts of Arma- 
ture Reaction. 
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approximately equal to unity, and the reluctance of the air gq> 
between the pole tips is high, the distortion in any given generator 
may be assumed to be proportional to the armature curr^t 
(b) Demagnetization which is proportional to the armature current 
and to the sine of the angle of brush advance. 

Let N = the number of armature conductors on any given arma- 
ture, 
p = the number of poles on the dynamo, 
/ = the current flowing in each armature conductor. I 

Then the armature ampere-turns per pole 

2 p 

But the conductors are imiformly disturbed over the surface of th© 
armature, and the magnetomotive force set up by the winding i^t 
therefore, proportional to the average cosine (over i8o degrees). 

^ = hI32M av. cos 1+ 90° (5) 

2 p J— 90 

^ 1.257 X 0.636 jy/* ^^j 

^ oaM gilberts. C7) 

P 

7. The shunt generator. — The terminal voltage of a shunt ge^' 
erator decreases as the load (armature current) increases, the spe^^ 
of the armature and the resistance of the field circuit remainio^ 
constant. This decrease in voltage is due to: (a) armature aixd 
brush-contact resistance, (b) armature reaction, (c) decreased fid^ 
current. 

(a) Armature aftd brush-contact resistance, — According to Ohm'^ 
Law, the resistance drop in any current-carrying conductor is equ^ 
to the product of the current and the resistance of the conductor- 
Assuming a constant temperature, the resistance of the armature 
winding is constant, and the resistance drop is proportional to the 
armature current. The drop due to brush-contact resistance is 
calculated by means of equation (3). At no load, when only the 
field current flows in the armature circuit, the armature current is 
negligibly small, and the terminal voltage is equal to the electromo- 

• See Appendix A, Section 8. 
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live force induced in the annature. As the current in the armature 
increases, the resistance drop in the armature circuit becomes ap- 
preciable, and the terminal voltage decreases. 

{i) Armature reaction. — As explained in Section 6, armature 
; naction neutralizes part of the flux produced by the field winding 
L It DO load, and changes the distribution of the flux in the air gap. 
The total electromotive force induced in the winding, and, there- 
fore, the terminal voltage, decreases as the armature current 
increases. 

((} Reductwn of field current. — When the reastance of the field 
(ircuit is constant, the current flowing in the circuit is proportional 
tothe electromotive force at the terminals of the armature, and the 
fereased voltage due to resistance in the armature circuit and to 
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PER CENT OF RATED CURRENT 

Fig. 61. Shunt Generator Characteristics. 

*'iDatiire reaction, causes a decrease in the field current, and a 
■"tlier decrease in the terminal voltage of the generator. 

^ ideal characteristic of a shunt generator is a horizontal 
^raight line (aft in Fig. 61), while the actual characteristic_rises as 
wbad decreases {cd in Fig. 61), The percentage regulation of a 
""nt generator is, therefore, 

{ Eq - E) 100 



(8) 



per cent r^ulation = 

^ £ = the full-load (rated) voltage, 
£^ = the no-load voltage. 

Tlie regulation of the average shunt generator is too large for the 
I Wisfactory operation of lamps when the load varies greatly, al- 
liough it may be entirely satisfactory for motors. To give satis- 
&ction, incandescent lamps must have approximately constant 
FoJtage applied between their terminals. Since the heating of a 
n«iductor is proportional to the square of the current flowing in it, 
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the light given by an incandescent lamp b approximate!; 
tional to the square of the applied voltage. The inherent r 
of a shunt generator, therefore, cannot be depended on to 
the proper voltage as the load fluctuates, and manipulati 
fiield rheostat must be resorted to when incandescent lamp 
or part of the load. 

Automatic adjustment of the field resistance is made by i 
and other regulators, which are largely used for the maint 
constant voltage either at the generator terminab or at soi 
of distribution, 

8. The series t 
— The voltage chai 
of a series generato 
tically, the magi 
curve for a comb 
and air circuit. ' 
load current, or a 
part of it, flows th: 
series - field windi 
field excitation int 
the load increases, 
excitations, the flu 
nearly proportion; 
field current, but i 
citation increases, 
increases at a c 
decreasing rate unt 
becomes "saturat 
yond the point of saturation, the permeability of iron is litl 
than that of air, and a large increase in field current prot 
a small increase in flux. The voltage of a series generator 
fore, approximately proportional to the armature curre. 
considerable range, the characteristic bending to the righ 
cated in Fig. 62. 

Armature, brush-contact and field resistances make th( 
voltage less than the induced voltage, while armature re 
duces the total flux set up by a given field excitation a 
an unsymmetrical distribution of the flux in the air gap a 
types of generators. 
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ir Characteristics. 
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Since the series generator is used almost exclusively as a constant- 
current generator, its voltage regulation is of little consequence. 
The term "regulation," when applied to a series generator, means 
the ratio of the maximum deviation of the current, between rated 
load and short circuit, from the rated current at full load, and the 
rated current. 

WTien used as a constant-current generator, the series dynamo is 
provided with an automatic regulator which causes the terminal 
voltage to increase or decrease in proportion to the increase or de- 
crease in the resistance of the load circuit, so that the current is 
maintained at an approximately constant value. One of the 
amplest of these automatic regulators is that used on the Brush arc- 
light generator. The field winding is shunted by a carbon pile, the 
resistance of which varies inversely as the pressure between the discs. 
The pressure between the discs is varied by means of an electro- 
magnet, the winding of which is connected in series with the load. 
When normal current flows in the circuit, the current divides, part 
flowing in the field windings and part through the carbon pile. If 
the current falls below normal, by reason of an increase in the resist- 
ance of the load circuit (an increase in the number of lamps in the 
circuit), the pressure on the carbon pile is decreased. The de- 
creased pull of the magnet increases the resistance of the carbon 
shunt, and causes a larger current to flow in the field windings. 
This increased field excitation causes a larger voltage to be induced 
^ the armature windings, and the load current rises to its normal 
value. 

Since no current flows in the field coils of a series generator on 
open circuit, it can '* build up" only when the load circuit is closed. 

9« The compound generator. — The inherent tendency for the 
teminal voltage of a shunt generator to decrease as the load in- 
creases is coimteracted by the addition of a series-field winding 
so proportioned that the total flux increases as the current in the 
annature winding increases. If the effect of the series-field wind- 
ing is just sufficient, at full load, to compensate for the decrease in 
voltage due to armature resistance and armature reaction (i.e,, if 
be no-load and the full-load voltages are equal), the generator is 
fl/ compoimded; if the effect of the series-field winding is such 
lat the full-load voltage is greater than the no-load voltage, the 
aerator is over compounded. The characteristic curvxs of a flat- 
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compounded generator and of an over-compounded generator are 
shown in Fig. 63. 

When armature speed, field resistance and armature resistance 
are constant, the compounding of a generator is the ratio of the in- 
crease in voltage, between no load and full load, to the no-load 
voltage. 

(E - Eo) 100 
Ec 

when Eq — the no-load voltage, 
£ = the full-load voltage. 

It is impracticable to build a compound generator, the voltage 
characteristic of which is a straight line. From the definition g^ve» 
in Section 3, the regulation of a compound generator is the marim«i» 
deviation e (Fig, 63), between no load and full load, of the char- 



Per cent compounding = 



(9) 




Fic. 63. Compound Generator Characteristics. 

acteristic from the straight line connecting the no-load and the full- 
load voltage points, divided by the full-load voltage. The maximuin 
deviation is measured perpendicularly to the axis of abscissa, and 
. only for the flat-compound generator is it perpendicular to the 
ideal curve. 






(w) 



Per cent regulation 
when E = the full-load voltage. 



A compound generator builds up in the same manner as a shunt 
dynamo since the excitation due to the series-field winding is negli- 
gible at no load. If the series winding is improperly connected, the 
two windings oppose each other magnetically, and the termioal volt- 
age drops very fast as the resistance of the load circuit is decreased. 
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The degree of compounding of a given generator may be changed, 
without altering its structure, by: (a) changing the resistance of the 
shunt around the series-field winding, (b) changing the speed. 

(a) Changing the resistance of the series-field shunt, — The effect of 

changing the resistance shunting the series-field winding is to cause 

] a greater or a less percentage of the total load current to flow in 

, the series-field coils, thus increasing or decreasing the field excitation 

for a given armature current. This change in field excitation causes 

the full-load voltage to be increased or decreased. 

(6) Changing the speed. — If the no-load voltage of the generator 
nanains constant, the effect of an increase in the speed of its arma- 
ture is to increase the full-load voltage. The effect of a decrease 
in the speed of a given generator, the no-load voltage of which is 
constant, is to decrease the full-load voltage. 
The truth of these statements is evident from a study of the oper- 
ating principles of the electric generator. The rated full-load volt- 
age of a flat compounded generator is 100. At no load, 1,000,000 
n^gnetic lines pass into the armature from each north pole, and 
this flux is increased, at full load, to i,ioo,cxx) lines by the magnetic 
action of the series-field winding. The electromotive force induced 

■ - 

Ml the armature at full load is, therefore, no, and 10 volts are re- 
quired to compensate for armature resistance and armature re- 
action. 

If the q>eed of the armature is increased 20 per cent above its 
ftted value, the flux required to produce the no-load voltage is re- 
<lnced to 8oo,cxx> lines, while the effect of the series winding does 
ft)t decrease. Assuming the magnetic effect of the series winding 
to be the same at all speeds, the induced electromotive force, at 
the higher speed, is 112.5 and the terminal voltage, at full load, is 
102.5, 3.n over compounding of 2.5 per cent. 

But the compounding is greater than the above because of the 
fact that as the shunt-field excitation is reduced, the flux produced 
\y a. given series-field excitation increases. The last statement 
ill be made clear by an examination of the magnetization curve 
f a generator. Referring to Fig. 64, it is found that 500 ampere 
ims are required to produce a flux of i,ocx),ocx) lines, and that 
;o ampere-turns are required to produce 1,100,000 lines. Conse- 
lently, the shunt-field winding must consist of 500 ampere-turns 
id the series-field winding of 350 ampere-turns. To produce 
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800,000 lines requires only 260 ampere-tums in the shunt-fidd 
winding, but the series-field winding still produces, at full load, 350 
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r a total of 610 ampere-tums at full load. Tliis a- 
citation sets up a flui i' 
1,030,000 lines, the elec- 
tromotive force inducedio 
the armature at full low) 
is 128.5, and the tennii^ 
voltage is 118.5, an over 
compounding of 18.5 pel 
(»nt. 

10. The Tinill lefii- 
Utor. — An elem^taiy 




Fic. 65. Diagram of Connections for Tirtill 
Kegulator. 



diagram of the Tirrill regulator, as applied to a shunt or a compound 
generator, is shown in Fig. 65. By means of electromagnetically 
operated contacts, which open and close as the electromotive force 
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rises above or falls below a certain value at the generator terminals, 
or at some center of distribution, the field rheostat is periodically 
short-drcuited. 

The winding of the main contact magnet is coimected directly to 
the bus bars, and is so proportioned that it opens the main con- 
tacts, against the action of a spring, when the voltage rises above 
the desired value. The relay is differentially wound, one coil being 
coimected directly to the biis bars and the other in series with the 
main contacts. The relay cOMacts are connected to the terminals 
of the field rheostat. The fuiK^lkui <rf the condenser is to prevent 
excessive sparking when the relay coiftacts open. 

The regulator operates as follows: If the main contacts are open, 
the left-hand coil of the differentially-wound relay is energized 
and the relay contacts opened. This action increases the resistance 
of the field circuit by opening the short circuit over the field rheo- 
stat, the voltage drops below the required value, and the spring 
doses the main contacts. Closing the main contacts energizes the 
right-hand coil of the relay and closes the relay contacts, thus raising 
the voltage above the value at which the main contacts open. In 
practice, the two sets of contacts are continually opening and clos- 
ing, and the voltage varies from the desired value by only a very 
small amount. 

When it is desired to maintain constant voltage at some distant 
center of distribution, a differential series winding is added to the 
main control magnet, thusnncreasing the bus-bar voltage at which 
the main contacts are opened. The drop in the transmission sys- 
tem may thus be compensated for. 

zz. PamOel operation of generators. — It is often desirable to 
supply an electric system from two or more generators instead of 
from one because: (a) of the greater efficiency of a machine when 
operated at or near its rated load, {b) continuity of service can be 
more easily maintained. 

(a) Efficiency, — Because certain losses of a generator are practi- 
cally constant and these losses are roughly proportional to the size of 
Jie generator, the ratio of the total output to the total input (all-day 
rffidency) b greater for a generator running at full load than for one 
operating at half its rated capacity, the total output being constant. 
(b) CofUinuity of sendee. — It is practically impossible to main- 
lin continuous service from a single generator because adjustments 
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and repairs, which require the machine to be shut down, must b€ 
made from time to time. With two or more generators, thesi 
matters may be attended to during periods of light load when aU 
the machines are not required. It is thus possible to give con- 
tinuous service and, at the same time, keep the machinery in repair. 
Parallel operation of generators, then, means dividing the total 
load between two or more generators, and the operation of such a 
number of generators at a time as will caiise each generator to 
operate at its highest efficiency. This necessitates connecting and 
disconnecting generators and the load circuit as the load varies. 

Before two continuous-current generators are connected to the 
same load circuit, their terminal voltages should be approximately 
equal and similar terminals, either p^ositive or negative, must be con- 
nected together. If the voltages are not approximately equal, an^ 
undesirable surge of current takes place in the system when the 
switch is closed. When dissimilar terminals of the generators are 
connected together, conditions identical with a short-circuit exist 
and an excessive current, which either operates the protective de- 
vices or overheats the armatures, flows around the circuit formed 
by the two armature windings. 

Shunt generators. — The connections for the operation of two 
shunt generators in parallel are indicated in Fig. 66. If generator 

A is carrying the load and 
it is desired to divide the 
load between A and B, 
drive generator B at its 
rated speed and regulate its 
field to give a voltage equal 
to or slightly greater thai 

I'lG. 66. Parallel Operation of Shunt Generators, ^^at of A . When the volt 

age across the open switch is zero, the switch may be closed, afte 
which the field rheostats should be manipulated until the volt 
age of the system is the rated or required value, and the genera 
tors divide the total load in proportion to their ratings.* Afte 
being properly regulated, two or more generators having simila 
characteristics will automatically divide the load in proportion t 
their ratings as the total load on the system varies. 

* The load on any one of two or more continuous-current generators operating i 
parallel is reduced by reducing either its field excitation or its speed. 
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In connecting two generators as described above, a voltage across 
the switch indicates that the terminal connections of generator B 
should be reversed. When any voltage is indicated across this 
switch, it is equal to approximately twice the voltage of each gen- 
erator, so that in testing, care should be taken that the voltmeter is 
not mjured. 

A shunt generator, operating in parallel with other generators, 
should be disconnected from the load circuit by opening the line 
switch or circuit-breakers after reducing either its speed or its field 
cxdtation until the current flowing in its armature is a minimum. 

Compound generators. — The connections for the parallel opera- 
tion of compound generators are shown in Fig. 67, the only change 
from the shunt diagram being a third connection between the two 
generators. This connec- 
tion is called the equal- 
Ber, and is made between 
the brush and the series- 
field wmding of each gen- 
erator. 

The effect of the equal- 
izer is to divide the load 
properly between the two 
Ipierators. Consider the 
action of two compound generators without an equalizer connection. 
Ifi for any reason, the speed of one generator increases slightly, its 
wrftage increases and it takes a greater part of the total load. If 
ihe total load on the system remains constant, the increased load on 
ne generator causes a larger current to flow in its series-field wind- 
ig and reduces the current flowing in the series-field winding of 
le other generator. This change in field excitation disturbs the 
[uilibrium of the generators and will, by its cumulative effect, 
use one generator to take the entire load and to operate the 
her as a motor. Compound generators connected to the same 
cuit and operating without equalizer connections are, therefore, 
unstable equilibrium. 

SVith an equalizer connection, the same increase in the speed of 
lerator A causes its voltage and its current output to increase, 
t instead of all the increased current flowing through the series- 
d winding of generator A, it divides at the brush, part flowing 
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Fig. 67. Parallel Oi>eration of Compound 

Generators. 
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through the series-field winding of each generator so that the voltag 
of each is equally increased, and their equilibrium is not disturbe< 

Equalizer connections should be large as they are often require 
to carry heavy currents, and an appreciable resistance in this coi 
nection between generators tends to disturb their equilibrium, ai 
causes an unequal division of the load. Fuses or other circuit i 
terrupting devices should not be placed in an equalizer circuit. 

The process of disconnecting a compound generator, operating 
parallel with other generators, from its load circuit, is similar to tl 
for a shunt generator. 

12. Connection to load circuits. — The load units supplied 
shimt 9Jid compound generators are connected in parallel, Le., t 
terminals of each unit, as a lamp or a motor, are connected direc 
to the mains leading from the terminals of the generator or 
branches of these mains. 

The shunt generator is in common use under the following o 
ditions: 

(a) Where the load is practically constant. 

(J) Where the load changes slowly and infrequently. 

{c) Where the load consists exclusively of motors which do i 
require close voltage regulation. 

(d) Where an attendant is employed to manipulate the field rh 
Stat and maintain constant voltage. 

(e) Where the voltage is contr<^kd by a Tirrill regulator or otl 
automatic device. 

Compound generators are in common use under these conditio 

(a') Where an approximate compensation is to be automatica 
made for the internal drop of the generator. 

(6') Where the drop in a long transmission line or in a long feet 
is to be automatically compensated for, i.e., where the voltage 
the terminals of a load some distance from the generator is to 
automatically maintained at an approximately constant value 
the load varies. 

(c') Where the terminal voltage is to increase with the load. 

The series generator is used almost exclusively for supplying c 
rent to series arc-lamp systems, the generator being provided witl 
regulator which automatically maintains the current in the syst 
at an approximately constant value as the load changes. 

The terminals of the load units in a series circuit, instead of bei 
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connected to the mains running from the generator, are connected 
to each other, one terminal of the first and one terminal of the last 
unit in the series being connected to the mains. Consequently, the 
same current flows in each part of the circuit and the voltage changes 
as the load changes. 

The series generator for the operaticJn of arc-lamp circuits, has 
been largely replaced by alternating-current apparatus. 

• > -• 
CHAPTER IV — PROBLEMS 

1. The electromotive force of a shunt generator is ii8 volts when operated 
without load, and the rated output is ii kw. at no volts. Calculate: (a) the 
voltage regulation, {b) the resistance of the armature circuit, if one-half the 
drop in terminal voltage between no load and full load is due to armature 
resistance. 

2. The terminal voltage of a series generator is 450 when the armature cur- 
rent is 10 amperes. Calculate the electromotive force induced in the armature 
winding if the resistance of the armature circuit is i ohm and that of the field 
winding is 1.5 ohms. 

3. A shunt generator requires, at zero load, a field current of 2 amperes to 
induce the voltage at which it is rated; at full load (= 100 amperes) the field 
current required to give rated terminal voltage is 2.33 amperes. The shunt 
winding on each pole consists of 4000 turns. Find the number of turns re- 
quired in a series-field winding to make the generator fiat comi>ounded, 57 per 
cent of the load current to flow in the series-field windings. 

4. A 4-pole, 125-volt, lap-wound (drimi) armature has 400 conductors. 
The flux per pole is 2,500,000. Find the speed at which the armature rotates 
to induce rated voltage in the armature conductors. 

5. A i6-pole, lap- wound generator operates at 80 r.p.m., has a flux per pole 
of 7,500,000, and 2304 conductors. Find the voltage induced in the armature. 

6. Find the niunber of conductors required on a wave-wound armature to 
be used in the generator of Problem 4, the rated voltage to remain the same. 

7. Compare the resistance of a 6-pole, lap-wound armature with that of a 
6-pc^ wave-wound armature, the rated voltages, the fiux per pole, the kw. 
outputs, and the current densities in the armature conductors being the same. 

8. Allowing .500 circular mils per ampere, find the area of the armature 
conductors in: (a) a 6-pole lap- wound dynamo, the armature current of which 
b 100 amperes, (6) a 6-pole wave-wound dynamo, the armature current of 
which is 100 amperes. 

g^ Find the voltage induced in an 8-pole lap- wound armature when: 

r.p.m. = 300, 4 = 2,000,000, N = 784. 

ID. A 550-kw. generator has a terminal voltage of 550 at no-load and is 5 

per cent overcompounded. Find: (a) the size of wire required to transmit 100 

Y ampefes a distance of 600 feet, the voltage between the terminals of the load 
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apparatus to be 550, (6) the watts lost in the line, (c) the total output of tbc 
generator. 

11. The rated output (line) of a compound generator =150 amperes, and 
its no-load voltage is 220. The current is transmitted over a Ime, the resistance 
of which is 0.166 ohm, and the voltage at the load terminals is the same at full 
load as at no-load. Find: (a) the terminal voltage of the generator at fuU load, 
(b) percentage overcompounding, (c) watts lost in line, {d) watts output of 
generator. 

12. A 4-pole, wave-wound armature has 105 conmiutator bars. Each 
armature coil consists of two turns of No. 10 double cotton-covered wire. Fmd 
the flux (per pole) required when the induced voltage is 125, and the speed 
= 1000 r.p.m. 

13. A 4-pole, lap- wound armature has 88 commutator bars. Each arma- 
ture coil consists of four turns of No. 1 1 double cotton-covered wire. Find the 
voltage when the flux per pole = 1,000,000 lines and the speed of the armature 
«= 1000 r.p.m. 



CHAPTER V 

THE CONTINUOUS-CURRENT MOTOR 

I. The fundamental equation of the motor. — Rotation of the 
annature of a motor induces in the armature winding a counter- 
electromotive force which is dependent on the same quantities as 
is the induced electromotive force of a generator. 

Counter e.m.f. = —, — f volts, (i) 

p lO* 

when = the total flux entering or leaving the armature at each 

pole, 
N = the total number of conductors on the surface of the 

armature, 
n = the speed of the armature (revolutions per second), 
p = the number of poles, 

p' = the number of parallel paths into which the armature 
conductors are connected. 
The counter-electromotive force is the difference between the 
a|>plied electromotive force and the resistance drop in the armature 
circuit. Therefore, 

f^ = E-RJ.-E., (2) 

P icr 

when E = the applied electromotive force, 

R^ =« the resistance of the armature winding, 
la = the current flowing in the armature circuit, 
Ek = the drop due to the so-called contact resistance be- 
tween the brushes and the commutator.* 

• .\s noted in Chapter 4, Section 2, the voltage drop per pair of carbon brushes may 
be calculated by the formula: 

J5:6«o.8 + o.2D, (3) 

vrfaen D ^ the current density (amperes per square centimeter) in the contact area 
between the brush and the commutator. 
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Transposing the quantities in equation (2), 

= —' (4a) 

since ^, p' and N are constant for any given motor. Equation (4) 
is the usual form of the fimdamental equation for the continuous^ 
current motor. 

2. Torque. — The force tending to rotate the armature of a motor 
is termed its torque and is usually expressed in pounds at one foot 
radius, *.^., in foot-pounds. It is proportional to the product of 
the flux in the air gap and the current flowing in the armature 
circuit. Let 

T = the torque in foot-poimds developed in the armature of any 

motor, 
n = the speed (revolutions per second) at which 'the armature 

rotates, 
Ec = the counter-electromotive force (volts) induced in the arma- 

ture conductors, 
/a = the current (amperes) flowing in the armature circuit. 



1 



Then 246jOjc«r ^ 

550 

_ <t>NnpI. 
p'icP 

550 Np 
746 X 2 jr/>' 10' 

The quantity 



(5) 

(6) 
and T = ^J^"":'! s X «/. (7) 



X2 7r/)'ioA ''-7X10 X ,J 



746 X 2Trp 

is constant for any given motor. 

The torque delivered at the pulley of the motor is less than that 
indicated by equation (7), because part of the torque developed in 
the armature is required to overcome the windage, friction and iron 
losses (stray power) of the motor itself. 

3. Speed-torque characteristic. — The operation of a motor is 
represented graphically by a speed-torque curve, which shows the 
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relation between the speed of the armature and the torque developed 
in the armature, or that delivered at the pulley. 

The relations between the speed, the torque, and the armature 
current of a continuous-current motor are such that a change in one 
of these quantities produces a change in one or both of the others. 
In any given motor, the speed is automatically adjusted to the 
vahie which allows the required current to flow in the armature 
conductors. K the armature current is larger than that necessary 
to produce the required torque, the speed of the armature auto- 
matically increases until equilibrium is established; if the current 
is too small, the speed of the. armature decreases, allowing a larger 
current to flow and a larger torque to be exerted. 

4* Commutation. — The phenomena of commutation occur in a 
motor just as in a generator, since the direction of the current in 
each armature coil is periodically reversed. 

5. Armature reaction. — The direction of current in the arma- 
ture conductors of a motor is opposite, for a given field polarity and 
direction of armature rotation, to that 
in the conductors of a generator. The 
field is, therefore, distorted as indi- 
cated in Fig. 68, and the brushes must 
be shifted backward, or opposite the 
direction of armature rotation, to ob- 
tain good commutation. ^'^- ^^- ^"^ Distribution in the 
6. The shunt motor. -With con- Air Gap of Motor. 

stant applied voltage, the field current and the armature flux of a 
shunt motor are constant, neglecting armature reaction which is 
small in a well-designed motor, and the torque developed in the 
motor is proportional to the current flowing in the armature 
circuit. 

T oc /,. (8) 

Characieristic. — As the load on a shunt motor increases, the 
counter-electromotive force must decrease so that the required cur- 
rent may flow in the armature circuit. Armature reaction reduces 
the flux of a shunt motor slightly, but if the magnetic circuit is 
properly designed this reduction is small, and may be neglected.* 

* Any decrease in the flux of a shunt motor by reason of annature reaction, tends 
to tocrease its speed and improve the regulation of the motor. * 
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The speed of a shunt motor must, therefore, decrease as the load 
increases, and the speed-torque characteristic is a slightly drooping 
curve as indicated in Fig. 69. 

Well-designed shunt motors operate with only a small change in 
speed between no-load and full (rated) load, and are termed caor 
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PEB CENT OF FULL LOAD* RATED) TOROUE 

t Fig. 6g. Speed-torque Characteristic of Shunt Motor. 

stant-speed motors. They are largely used where a small variation 
of speed is of Uttle consequence. 

Regulation. — The regulation of a shunt motor is the ratio of the 
difference between the no-load and the full-load (rated) speeds, and 
the full-load speed. 

Per cent regulation = — (g) 

when Wo = the speed at no load, 

« = the speed at full (rated) load. 

The resistance of the armature circuit is the controlling factor in 
the regulation of a shunt motor. It the armature resistance is 
small, the variation of the product, RJ^, between no load and full 
load is small, and the required variation of the counter-electromotive 
force is correspondingly small. But the counter-electromotive 
force is proportional to the speed of the armature. Therefore, a 
small armature resistance produces, or tends to produce, good 
regulation. 

Speed control* — Speed regulation is an inherent property of a 
motor; speed control is the variation in speed obtained by exter- 
nal means. 

The speed of a shunt motor is varied, within certain limits, by; 
(a) changing the resistance of the armature circuit, (6) changing the 
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resistance of the field circuit, (c) changing the reluctance of the 
magnetic circuit, (d) changing the electromotive force between the 
armature terminals. 
(a) Changing the resistance of the armature circuit. — The speed of 

a motor is changed by var>'ing a resistance connected in series with 

the araiature as indicated in Fig. 70. A 

resistance, the current-carrying capacity of 



F/^M ffesistonce 



which is equal to or greater than the maxi- F -^P^ ^'^essTtance 
mum current that will flow in the circuit, lif r^ ]Arr^af*,r9 
must be used. This method is effective, 
cheap in first cost, and easily applied, but 




the power wasted in heating the rheostat ^'^- 7°* ^^^ ^^''^"'^ ^^ 

, . . -- . . . , Armature Resistance. 

makes it very memcient. As pomted out 
above, a small change in load causes a large change in speed, and 
the motor acts as if the resistance of the armature winding were 
greatly increased. 

- (6) Changing the resistance 0] the field circuit. — The resistance of 
the field circuit is changed by manipulating the field rheostat. In- 
creasing the resistance of the field circuit decreases the field cur- 
rent and increases the speed; decreasing the resistance of the 
field circuit increases the field current and decreases the speed.* 

This method is cheap, both as to first cost and as to operation, 
but its range of operation is limited. Very low speeds are unattain- 
able because of the fact that above a certain point a large increase 
in field excitation produces only a small increase in flux. High 
speeds are also unattainable because, with a weak field, armature 
leaction becomes so pronounced as to cause excessive sparking 
which bums, and would ultimately destroy, the commutator. 

Armature reaction and commutation difticultics are materially 
reduced by means of interpoles which provide a local commutat- 
ing flux, and make possible the operation of shunt motors having 
very weak fields. Interpole motors having a maximum speed six 
times the minimum speed, and controlled by manipulation of the 
field rheostat, are in successful operation. 

(c) Changing the reluctance of the magnetic circuit. — With con- 
stant field excitation, the flux in the magnetic circuit of a dynamo is 
bversely proportional to the reluctance of the circuit.f A number 

* This statement is evident from equation (4). 
t See Chapter 2, Section 10. 
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of variable-speed motors have been designed in which the reluctance 
of the magnetic circuit is varied by changing the length of the air 
gap between the pole and the armature. The operation of such 
motors is satisfactory, but they are expensive in construction and 
more or less complicated in operation. 

(d) Changing the electromotive force applied to the armature terminals. 
— This method of speed control may be sub-divided into two parts: 
(i) when the change in voltage is made in steps, (2) when the range 
of voltage is continuous. 

(i) Voltage changed in steps. — This 

g-Jj^- ^ , i * ^ method of speed control necessitates the 
' use of several supply mains having dif- 

ferent voltages, and a generating system 
capable of supplying current at these 
Fig. 71. Multi-voltage Speed different voltages. The field winding 
Control. jg permanently connected across one pair 

of the supply mains and the flux is, therefore, approximately con- 
stant. Fig. 71. 

The operating characteristics of this system are good and the 
efficiency high, the objections being its high first cost and the fact 
that the speed changes by fixed steps. The latter fault is remedied 
by combining this method with the field rheostat method. 

(2) Voltage range continuous, — This method, devised by Ward 
Leonard and generally known by his name, requires the use of 
three machines — a vari- 
able-speed motor, a con- 
stant-speed motor* and 
a generator, as shown in 
Fig. 72. The constant- 
speed motor drives the 
generator, and the gen- 
erator, in turn, supplies 
current to the armature of 
the variable-speed motor, 
the field of which is connected to constant potential mains. By 
varying the field excitation of the generator, any desired voltage is 
d:ilivered at the terminals of the motor armature, and a continuous 
variation of speed obtained over the widest possible range. Very 

* It is not necessary that this be an electric motor. 




Fig. 72. Ward Leonard Speed Control System. 
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ample operating mechanism is required. The efficiency of this 
system is the combined efl&ciency of three machines, the individual 
effidendes of which are usually low. Its high first cost and low 
operating efficiency prohibit its use except where these factors are 
seomdary consideratioDS. 

T. The series motor. — The series motor, unlike the series 
(aerator, has a very large commercial application. It is used, 
pictically to the exclusion of all other types of motor,* for street 
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PERCENT Of FUU. LO«)(RATED) TORQUE 
Fig. 73. Series Motor Curves. 

railway work, for hoisting and for all purpwses which require large 
starting torques, and do not require close speed regulation. 

Torque. — Since the field excitation of a series motor is propor- 
tional to Ihe armature current, the torque developed in its armature 
is, theoretically, proportional to the square of the armature current. 
Txl,\ (10) 

This equation holds good for low values of armature current, but the 
upper part of the current-torque curve is found to be an approxi- 
iDately straight line. Fig. 73. For low excitations, the flux is pro- 
* AltenatiDg'Cuimit motors are used to a limited extent for these purposes. 
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portional to the field current but for larger loads the iroQ d 
the magnetic circuit approaches saturation, and the flux in- 
creases more slowly than does the current is the field winding. 
The torque developed is, therefore, less than that indicated bj 
equation (lo). 

Speed. — The speed of a series motor varies over wide limits ai ^ 
the load changes, the speed increasing as the load is reduced as indi- 
cated in Fig. 73. The full line shows the operating range of the 
motor, the dotted portion near the axis of ordinates indicates ^)e«(ls 
above the safe operating limits, and excessive heating takes place 
if the motor is operated over the dotted portion at the right. 

Because of the excessive speed attained by the armature of a 
series motor when the load is small, a series motor should never 
be used where the load may, accidentally or otherwise, be reduced 
below the safe minimum value, or the motor may be wrecked. 




PERCENT OF FULL LOADtRATlD) TORQUE. 
Fig. 74. Speed-torquc'Curve'of Compound Motors. 

8. Compound motors. — Compound motors are divided into 

two classes: (a) cumulative, (b) differential, 

(a) Cumulative compound motor. — The shunt and the series-field 
windings of a cumulative compound motor are so connected as to 
produce fluxes in the same direction. Therefore, the excitation of 
the motor increases with the load, and the speed of the armature 
may be materially reduced. The shape of the speed-torque 
cur\-e of a cumulative compound motor depends on the relative 
effects of the two field windings, but that part of the curve repre- 
senting light loads is usually similar to that of a shunt motor with 
large armature resistance. As the load increases, the characterbtic 
gradually reverses and finally approximates that of a series motor. 
Fig. 74 shows the speed-torque characterbtic of a cumulative com- 
pound motor. 
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A cumulative compoimd motor having a heavy flywheel is well 
adapted for the operation of shears, pimches ahd other apparatus 
where the load is applied suddenly. During the periods of no load, 
energy is stored in the flywheel and other rotating parts. WTien 
the load is applied, this stored energy is returned to the system and 
prevents the speed of the motor from dropping to as low a value as 
would otherwise be the case, and reduces the range over which the 
aimature current varies. 

(ft) Differential compound motor. — The field windings of a dif- 
ferential compoimd motor oppose each other so that the total flux 
in the magnetic circuit decreases as the armature current increases. 
The speed of a differential compoimd motor is constant if the ratio 
of the counter-electromotive force and the flux is constant. 

By properly designing the magnetic circuit, the speed of a differ- 
ential compound motor is maintained practically constant between 
no load and full (rated) load, as indicated in Fig. 74. Over that 
portion of the curve where the speed is constant, the flux decreases 
dightly, and the torque is approximately proportional to the arma- 
ture current. When the speed begins to rise the flux decreases 
rapidly and soon reaches the point where it decreases at approxi- 
mately the same rate as the armature current increases. Any 
farther increase in armature current cannot increase the torque, 
which is proportional to the product of flux and armature current, 
lince the combined effect of the differential winding and armature 
reaction reduces the flux faster than the armature current increases. 
Excessive weakening of the field causes poor commutation and is 
indicated by sparking. 

From the above, it is evident that a differential compound motor 
cannot be greatly overloaded. Also, because of the large current 
which would flow in the series winding during the starting period 
and largely neutralize the effect of the shunt-field winding so that 
the starting torque would be small, the series winding is usually 
ihort-circuited during the starting period, i.e., the motor is started 
as a shunt motor. The commercial application of the differential 
oompound motor is very limited. 

9. Motor-starting rheostats. — Because of the very low resistance 
4 the armature winding of a motor, an excessive current will flow 
f the circuit is connected directly to the supply mains to start it. 
t is, therefore, necessary to connect an external resistance in series 
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with the armature winding during the period of acceleration. A-^ 
the speed of the armature increases, the counter-electromotive forc^^ 
opposing the flow of the current increases, and the resistance i^ 
gradually reduced until the armature terminals are connected 
directly to the supply- mains. 

Rheostats for shunt and compound motors. — The starting rheo- 
stats used on shunt and comiwund motors are of various designs, \ 




typical examples being shown in Fip, 75 and 76. The internal and 
external electrical connections are indicated in Figs. 78 and 79. 

The handle // (Fig. 78) when moved so as to make contact with 
stud I, closes the armature circuit through the resistance R. This 
movement of the handle H alsa 
closes the field circuit. As the 
speed of the armature increases, 
the handle // is moved to studi 
2, 3, etc., until the entire resistance 
is cut out. 

The field circuit includes the 
exciting coil of an electromagnet 
which holds the handle H, against 
the pull of a spring, In contact 
with the last stud. Should the 
Fic. 77. Motor Starting Rheostat supply circuit be opened or the field 
excitation, for any reason, be- 
come greatly weakened, the magnet 
can no longer hold the handle, the spring returns it to the poa- 
tion indicated in the figure and opens the armature circuit. This 
magnet is known as the "low-voltage" release, sometimes errone- 
ously called the no-load release, and prevents injury to the appa- 
ratus should the supply be temporarily interrupted. 



• 



(Back and Side Removed). West- 
inghousc Elcc. & Mfg. Co. 



THE COWnNTOCS-CrmtENT VOTOK 





g of the other electromagnet shown m F^ jS h oob- 

1 series with the aimatare and so arranged that at soae 
ietenniaed current vahie, swiuih S is ciosed, and the vindiDg 
if the Jow-TOltage rdease short-drctrited. The knr-i-^tage nk«se 
i thus depri^'ed of its magnetiziiig niirent and the t"**^*^ rctniBS 
■ t<i tiie open-drcuit positioD, the supply drcoit is apcned. and the 
jotor stops. This device b the "ovBrload" release which pro- 




Fro. 78. Wiring Diagram (ot Shunt Fic. jg. Wiring DUgram for S 
Motor and Starting Rheostat. Motor and Suiting Rheostat. 

-i:t5 the armature from excessive currents. Circuit breakers con- 
'.'-cled in the supply lines accomplish the same purpose and are to 
lie preferred, for when the circuit is opened 
k means of the over -load release, the studs 
ui ibe starting rheostat are burned, becom- 
ing rough and irregular. 

Fig. 79 is similar to Fig. 78 except the 
'verload release is omitted, and the low- 
"Itage release is connected directly across 
iiie supply circuit. 

^Rlieostafs for series motors. — The starting 
fliwstats used with series motors are usually 
of the drum type. Fig. 80. Low-voltage 
rt-leases are not essential on series motors 
• an attendant is usually near to open the 
-jfcuit and return the handle to the "off" 
position in case the current supply fails, Circuit breakers, which 
should be connected in the supply leads of each motor, may be 
aided on to protect the armature from excessive currents. 
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The series-parallel system of motor control is used on street c 
which have two or more motors, start and stop frequentlj', and 
are often required to run at low speeds. Its Advantage is the re- 
duction of the losses in the starting rheostat and a correspondingly 
increased operating efficiency. 

For starting, the two motors are connected in series with each 
other and with the starting resista,nce, which makes it possiblelft' 
use a smaller resistance than would otherwise be required. Fig. Sia. 
As the armature speed increases, the resistance is reduced as ia 
any other starting system. 
After all the starting re- 
sistance has been cut out 
of the circuit and the' 
motors have attained thoT 
maximum speed with tlie 
series connection (one-half 
the line voltage applied U> 
each motor), the motors 

are connected in parallel 
F,o. »,. Seri»p.»n.lMol.,C.»Ml. ^jj^ ^^^^ ^^^^ ^j j, 

series with the starting resistance. Fig. Sib. As the motors speei 
up further, the external resistance is reduced until each motor 
is connected directly across the supply lines. With this arrange* 
ment it is evident that the motors may be operated at two difierent 
speeds without any loss due to an external resistance. 

All the operations required in the series-parallel system of control 
are obtained by moving a handle which rotates a spindle ha-viog 
metal fingers or sectors. The same general type and arrangement 
of rheostat is used for crane and other series motors, although only 
one motor may be used. 

Automatic motor-slarling rheostats. — Motor-starting rheostats in 
which the resistance of the armature circuit is automatically re- 
duced as the speed of the armature increases, have been de\-eloped. 
With such apparatus it is only necessary to close or open a line 
switch to start or stop the motor. 
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CHAPTER V — PROBLEMS 

1. A current-carrying wire lies in a magnetic field, the intensity of which is 
SD|003. FinJ the force acting on the wire when 250 amperes flow. 

2. A 4-pole, lai>- wound, 2 20- volt shunt motor has an armature input of 200 
amperes when running at 750 r.p.m. 

Diameter of armature 15 inches 

Length of armature 9 inches 

Number of armature 'conductors 476 

Pole enclosure 70^0 

Armature resistance 0.05 

Flux density on pole face (average) 48,000 

Find: (a) the torque develoi>ed in the armature, (b) the speed of the motor at no 
lo»d (no-load armature current = 6.5 amperes), {c) the speed regulation, assum- 
iog 200 amperes to be rated full load. 

3. Find the external resistance which must be connected in series with the 
ttnatureof the motor in Problem 2 to reduce the speed to 400 r.p.m., the arma- 
toe current and the field excitation being as given above. 

4. Find the speed of the armature of the motor in Problem 2 when connected 
■series with the resistance required in Problem 3, with 100 amperes flowing in 
the armature circuit. . 

5. Calculate the per cent of total power supplied to the motor dissipated in 
fating the rheostats in: (a) Problem 3, {b) Problem 4. 

6. Find the resistance of the starting rheostat required for the motor in 
ftoblcm 2, the maximum current during the period of acceleration not to ex- 
ceed 150 per cent of the rated full-load current. 

7. The normal field current of a shunt motor (temperature of shunt field 
■60'C.) is 10 amperes. Find the field current when first started, assuming 
tk temperature of the air to be 20** C. 

8. Two similar 15 horse-power 220-volt shunt motors are connected in series 

lielween 440-volt mains, the armatures of the motors being rigidly connected 

t(^her. Resistance of each armature = 0.08 ohm. Armature current = 60 

amperes. Find the speed at which the armatures rotate when: (a) the fields 

abnormally (and equally) exdted, {b) the field excitations are such that the 

inx density in the air gap of one motor is 25 per cent greater than that in the 

air gap of the other. 

9. A shunt dynamo when operated as a generator at 1000 r.p.m. delivers 100 
amperes (armature) current at a terminal voltage of 220. The resistance of the 
armature circuit is 0.05 ohm. Calculate the speed at which the armature 
rotates if operated as a motor, the armature current and the field excitation 
being the same as in the generator. 

10. A 4-pole, wave-wound shunt motor is operated on a 250-volt circuit. 
Vrmature slots = 47, conductors per slot =12, commutator bars = 141, flux 
B 1,660,000 maxwells per pole. Neglecting armature resistance, find the speed 
f the motor. 
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11. The armature of a 6-pale continuous-current motor is lo inches long 
and 24 inches in diameter. The face of each pole shoe is 10 inches X 1 1 inches. 
The armature is lap wound and consists of 600 conductors. The average flux 
density on the face of the poles is 48,000 lines per square inch. Find the force 
acting on the armature when the total input to the armature is 300 amperes. 

12. A 230-volt shunt motor has a no-load input of 30 amperes, and a full- 
load input of 750 amperes when operated at 400 r.p.m. Armature resistance 
= 0.0075; field resistance = 46. Find the speed regulation of the motor. 

13. Same as Problem 12 except the armature resistance = 0.015. 

14. The armature of the motor in Problem 12 is 6-pole, lap wound, and has 
540 conductors. Find the flux per pole. 



CHAPTER VI 



LOSSES, EFFICIENCIES AND RATINGS OF CONTINU- 
OUS-CURRENT DYNAMOS 

I. Losses. — The losses in a continuous-current dynamo are: 
(a) resistance losses, (b) stray power. 

(a) Resistance losses* — The resistance losses of a dynamo are 
those due to the resistance of: (i) the armature winding, (2) the 
brush contacts, (3) the field circuit. 

(i) Armature resistance losses. — Armature resistance losses are 
not measured directly, but are calculated from the resistance of the 
armature winding and the given or required value of armature 

°"^^- p. = RJ.' watts, (i) 

when 1?. = the resistance of the armature winding, 

/. = the armature current for which the loss is to be calcu- 
lated. 

Connections for the determination of the resistance of the arma- 
ture winding are shown in Fig. 82. 
After opening the field circuit so that 
the armature will not rotate, the 
armature is connected to supply mains 
in series with a water rheostat or 
other suitable resistance, by means of 
which the current in the armature ^^g. 82. Connections for Detcr- 

drcuit may be controUed. The cur- "^'^"'^°" "^ ^"""'""^ ^'^''' 

^ , ance. 

rent in the armature arcuit and the 

electromotive force between brush contacts are measured by means 

of the ammeter and the voltmeter. 



FieU Diaconntda^ 




Reaistancf 



Vittlttmhr 
'Amtatyr* 



Ammeter 

<y — • 



Then 



^^^ J f 



(2) 



when Rb ■= the resistance of the armature winding, 
E = the indication of the voltmeter, 
/ = the current flowing in the armature circuit. 

losses should be calculated for a W3rking temperature of 75 '^ C. 

93 » 
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(2) Brush-contact losses, — As indicated in Chapter 4, Section 2, 
the so-called brush-contact resistance is not constant, but is a func- 
tion of the current density in the contact area, and the drop per 
pair of carbon brushes is calculated from the formula, 

Eb = 0.8 + 0.2 Z?, • (3) 

when D = the current density (amperes per square centimeter) in 

the contact area between the brush and the commu- 
tator. 

Therefore the loss due to brush-contact resistance is 

Ph = (0.8 + 0.2 D)Ia watts. ' (4) 

(3) Field resistance losses, — The resistance of a series-field wind- 
ing is small and should be determined in the same way as that of 
an armature winding. The copper loss may then be calculated. 

P. = RJ.^ watts, (S) 

when R, = the resistance of the series-field circuit, 

7, = the current flowing in the series-field circuit. 

The resistance of a shunt-field circuit is comparatively large and 
the winding may be connected directly to the supply mains, pro- 
vided the voltage of the line is not materially greater than the rated 
voltage of the dynamo. The losses in the shunt-field circuit, in- 
cluding the rheostat, may be determined by direct measurement, or 
by calculation. 

Pf = Elf watts (6) 

= Rflf' watts , t , . (7) 

= — watts ' (8) 

when E = the voltage between the terminals of the field circuit, 
// = the current flowing in the field circuit, 
Rf = the resistance of the field circuit. 

The instruments required for the determination of either the field 
loss or the resistance of the circuit, are an ammeter and a voltmeter. 

(b) Stray power, — The stray power of a dynamo includes all the 
losses not specified in (a), and consists of: (i) iron losses, (2) fiic- 
tional losses. 
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(i) Iron losses, —^ The iron losses of a dynamo are due to hys- 
teresis and eddy currents, and are dependent on the speed at 
whidi the armature rotates, and on the flux density m the arma- 
ture core. 

■ Hysteresis, — Since the armature rotates in a magnetic field, the 
I magnetism of the iron core is periodically reversed, and this re- 
arrangement of the molecular structure of the iron requires an 
expenditure of energy which heats the iron. The energy required 
to reverse the magnetic polarity of any volume of iron has been 
found, experimentally, to be approximately proportional to the 1.6 
power * of the maximum flux density in the iron. The power lost 
by hysteresis is, then, proportional to the 1.6 power of the flux 
density in the armature core, and to the number of magnetic re- 
versals per imit of time, i.e., to the speed of the armature. 

P, = hnB'-^ watts,t (9) 

vhen ^A = a constant dependent on the volume and the magnetic 

quality of the iron in the armature core, and on the 
number of poles on the dynamo, 
n = the speed of the armature, 
B = the flux density in the iron. 

Eddy currents, — When the armature rotates in the magnetic field 
»t up by the field windings, electromotive forces are induced which 

• See Appendix B, Section 7. 

t Professor Sheldon gives the following formulae for the calculation of hysteresis 
ad eddy-current losses in iron: 

Ph = 8.3 rifVB^^ io-« watts, (9a) 

Pe = 4.07 V (JIBY 10-" watts, (12a) 

hen 17 ^ the magnetic (h3rsteretic) CDnstant, 

/ = the number of magnetic reversals per second 



( number of poles X r.p.s. \ 
2 j' 



/ a thickness of laminations (in mils), 
V «= the volume of iron (in cubic inches), 
B = the flux density in the iron (maxwells per square inch). 

Because the laminations are imperfectly insulated from each other and the flux 
stribution in the teeth and core is not uniform, the calculation of hysteresis and 
dy-current losses in armature cores is only a rough approximation. Measured values 
ly be found to be several times the calculated values. 
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cause currents to circulate in the body of the core. Fig. 83. The^ 
currents cause the core to heat, and the energy lost by reason of the^ 
circulation is, by Joule's Law, proportional to the product of tb^ 
square of the current and the resistance of the paths through whicH^ 
they flow. 
Referring to Fig. 83, let 

n = the speed of the armature (revo- 
3j^ /x lutions per second), 

// / ...iwfin^ B = the flux density of the magnetic 
J^M^ '^ field, 

//;^^ j/Jj^ I = the thickness of the laminations 

///l^J^^/// ^f which the armature is 

ftorth ] / fj s^oyH, built, 

\5v / JJ f = the radial distance of an ele- 

, 1^>^^— 1[ ment parallel to the axis of 

Fig. 83. Eddy Currenu in SoUd ^^ armature core, from the 

Armature Core. . r , 

axis of the armature. 

k and ^e = constants proportional to the volmne and the electri- 
cal quality of the iron in the armature core, and to the 
number of poles on the dynamo. 

The electromotive force generated in an element of the lamination 
due to the rotation of the core in the magnetic field is 

e = 2 -KflnB io~^ volts. (10) 

If the resistance of the eddy current path is constant,* the losses 
due to the circulation of the eddy current in the iron are propor- 
tional to the square of the induced electromotive force. 

P. = k^ (11) 

= Jfe/»252 ^atts,t (12) 

* An examination of the eddy-current path shows that the length of the path does not 
vary appreciably for the different thicknesses of laminations used in commercial dy- 
namos. 

t Professor Sheldon gives the following formulae for the calculation of hysteresis 
and eddy-current losses in iron : 

Ph. = 8.3 j\SVB^'^ io-« watts, (9a) 

Pt = 4.07 y iflBy 10-" watts, (12a) 

when 17 = the magnetic (hysteretic) constant, 

/ = the number of magnetic reversals per second 



/ __ number of poles X r.p.s. \ 
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u., eddy-current losses are proportional to the square of the thick- 
Bess of the laminations, to the square of the armature speed, and to 
the square of the density of the magnetic field. 

In djuamos having toothed armatures, the flux density on the 
pole face is not uniform but is greater opposite a tooth than oppo- 
site a slot. As the armature rotates, each element of the pole face 
parallel to the axis of the armature shaft has an electromotive force 
induced in it and eddy-currents circulate in the iron. Pole-face 
losses are reduced by laminating the poles and by making the 
_^. width of slot „ 

ratio ; ; ;: — ;; Small. 

length of air gap 
(2) Frictianal losses. — The frictional losses of a dynamo are 
those between the shaft and the bearings, between the brushes and 
the conunutator, and between the air and the rotating parts. 

Bearing friction and windage are seldom or never separated, but 
in a well-designed machine, the windage is small and may be neg- 
lected if the peripheral speed of the armature does not exceed 
6000 feet per minute. This speed is seldom exceeded in continu- 
ous current machines unless they are to be direct connected to 
steam turbines. For bearings having ring lubrication and using 
light machine oil, a film of oil always separates the bushing and the 
shaft, and bearing friction may be assumed to be fluid friction. 
With this assumption, the loss due to bearing friction is calculated 
by means of the following empirical formula, which gives close 
approximations for the usual range of armature speeds. 

Pb = 0.81 DL ( — ] watts, (13) 

when D = the diameter of the bearing (in inches), 
L = the length of the bearing (in inches), 
V = the velocity of the rubbing surface (in feet per minute). 

The above formula is independent of pressure and, therefore, of 
the load on the dynamo. Bearing friction, in belted machines, may 

/ a> thickness of laminations (in mils), 

K=» the volume of iron (in cubic inches), 

B "" the flux density in the iron (maxwells per square inch). 

Because the laminations are imperfectly insulated from each other, and the flux 
distribution in the teeth and core is not uniform, the calculation of hysteresis and 
eddy-current losses in armature cores is only a rout^h approximation. Measured values 
may be found to be several times the calculated values. 
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vary over wide limits, depending on the tension of the belt, but 
the losses due to belt tension are hard to estimate and are usually 
neglected in making efficiency calculations. 

Brush friction depends on the force with which the brushes press 
against the commutator, and usually amounts to only a small part 
of the losses in a dynamo. A pressure of one and one-half to two- 
pounds is an average brush pressure. For constant pressure be- 
tween the brushes and the commutator, the losses due to bnisbi 
friction are proportional to the peripheral velocity of the commu- 
tator and may be calculated by the following empirical formula: 

Pc = -^— watts, (14) 

80 

when A = the area (in square inches) of the brushes in contact 

with the commutator, 
V = the peripheral velocity (in feet per minute) of the 
commutator. 

From the above considerations it is evident that no simple equa- 
tion is available for the calculation of stray power. These losses 
are, therefore, determined experimentally by running the dynamo 
under the required conditions of speed and field excitation. While 
the separation of stray power into its components is not a difficult 
problem, it is one which is primarily of interest to the designer and 
the manufacturer only. The operating engineer is interested in 
obtaining high efficiency and good operating characteristics. 

2. Experimental determination of stray power. — The stray 
power of a dynamo is easily determined by: (a) running it as a 
motor, {b) driving it as a generator by means of an auxiliary motor. 

(a) Runnhtg as a motor. — When a dynamo is operated as a motor 
without load, the input is just sufficient to supply the losses — field 
copper loss, armature copper loss, brush-contact resistance loss and 
stray power. The resistance losses are readily determined as indi- 
cated above, and the stray power is the difference between the total 
input (the product of applied voltage and line current) and the 
resistance losses. 

Stray power = motor input — resistance losses. (15) 

The field loss may be eliminated by placing the ammeter in the 
armature circuit instead of in the line. In this case the stray 
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power is the difference between the armature input (the product of 
^fied voltage and armature current) and the losses due to brush 
contact and armature resistance. (The loss in the series-field wind- 
ing of a series or compound dynamo is eliminated by separately ex- 
dting the series field.) 



Stray power = Ela — RJJ — /• (0.8 + 0.2 D), 



(16) 



when E 
/. 

D 



the applied electromotive force, 
the current in the armature circuit, 
the resistance of the armature circuit, 
cxirrent density in the brushes (amperes per square 
centimeter). 



M09$9tUfK0 



•Amnmltr 




Arm itmn 



Wltmettr 

Fig. 84. Determination of 
Stray Power. 



Connections for the determination of stray power in a shunt 
dynamo are shown in Fig. 84. A re- 
sistance of the proper size, considering 
the value of the current taken by the 
armature, is connected in series with 
the armature winding. The field exci- 
tation is regulated by means of the 
rheostat connected in series with the 
windings,* and the speed controlled by 
manipulating the resistance in the 
armature circuit. With this arrange- 
ment either the speed or the field excitation may be given any 
desired value within the operating limits of the dynamo. 

{b) Driving by an auxiliary motor. — It is sometimes impossible 
to run a dynamo as a motor imder the required conditions of speed 

and field excitation, as when 
a 440-volt dynamo is to be 
tested and the only avail- 
able source of current sup- 
ply is no volts. Under 
these conditions a small 
1 10- volt motor is connected 







Fig. 85. Determmation of Stray Power. 



to the dynamo to be tested, and the input to the auxiliary motor 
ietermined when driving the dynamo at the required speed and with 
iny required excitation. Fig. 85. The losses in the auxiliary motor, 

^ In the compound dynamo each winding should he properly exdted. 



8;i\w^\ 
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if not known, should be determined as in (.a) above, and the stray 

powcr of the djnamo under test calculated. 

Stray power = motor input - motor losses — resistance losses. (17) 

The only current flowing in the armature of the d>-namo under 
test is the small current required for the excitation of its shunt-field 
windings, and the resistance losses in the armature are usually so 
small that no correction need be made for them. Series-field wind- 
ings may be excited from the low-voltage mains. 

3. Separation of friction and iron losses. — It is evident that the 
friction loss of a dj-namo may be determined by driving it, without 
field excitation, by means of an auxiliary motor. Fig. 85. 

Frictional losses = motor input — motor losses. (18) 

Stray power may be separated into its components in the follow- 
ing manner: Connect the dynamo as in Fig. 84. Keeping the speed 
constant, determine the stray power for different field excitations 


































































F EL EXCITA 
FiC. 86. Separation o! F 

and plot as in Fig. 86. Extrapo 
■ with the axis of ordinates. The or 
sents the loss due to friction at th 
4. Sepatation of hysteresis a 
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Pi = K'n 
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e given speed. 

d eddy-current losses. — From 
s for any given field excitation is 
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which is the equation of a straight line, and may be plotted as in 
Fig. 87, after the iron losses at diflFerent speeds but constant field 
excitation have been determined. 
The hysteresis loss at any given 
or required speed n is equal to the 
product of the ordinate k^' and 
the speed «; the eddy current loss 
for any given or required speed 
n is equal to the product of the 
speed and the ordinate k/n corre- 
sponding to the given or required 
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Fig. 87. Separation of H>'steresis and 
Eddy Current Losses. 



5. Efficiencies. — The efficiency of an electrical machine is the 
ratio of the output to the input. 

Per cent efficiency = — ^. (21) 

mput 

The efl&ciency of a dynamo is usually computed from stray power 
aAd resistance measurements rather than from an actual load test 
for the following reasons: 

(fl) A considerable quantity of energy must be wasted in making 
a load test. 

(6) It is often inconvenient or impossible to supply the electrical 
energy required to nm a large dynamo as a motor or to absorb its 
output when operated as a generator. 

(c) Calculated efficiencies are more reliable than those determined 
by load test. 

The equation for the efficiency of a generator, then, becomes 



. «- • output X 100 
per cent effiaency = ^ — 

output + losses 

and that for a motor 

. re . (input — losses) 10 
per cent efficiency = - -^ — -. — — 

mput 



(22) 



100 



(23) 



The efficiencies of a dynamo are represented graphically by means 
of an efficiency curve, per cent efficiency being used as ordinates 
and per cent of full (rated) load as abscissas. 

The skufU dynamo. — Very simple measurements are sufficient 
for the calculation of the efficiency of a shunt dynamo. The copper 
loss in the armature is proportional to [the square of the current 
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flowing in the armature circuit and may be calculated for any giv w ^ 
or required current after the resistance of the armature winding ha^ 
been determined as explained above. 

The field loss is approximately constant, the change in value du^ 
to the decrease in field * current as the load on a generator increases 
is usually neglected, and is determined by measuring the current im^ 
the field circuit and the voltage across its terminals when the exdta.— 
tion is such as to give rated voltage when operated as a generator, or 
rated speed when operated as a motor. 

The stray power of a shunt dynamo Is approximately constant, 
and the no-load determination is used in the calculation of effiden- 
cies. The dynamo is operated as a motor, without load and at rattd 
speed, the input to the armature measured, and the calculated 
armature and brush contact resistance losses subtracted, as explained. 
above. The armature and brush-contact resistance losses are small 
at no-load and may usually be disregarded without serious error. 

The fact that the straj' power of a shunt dynamo is not constant , 
will be appreciated from the following: J 

In a shunt generator operating at constant speed, the field current I 
falls off as the load increases. Therefore, the flux in the magnetic 
circuit is reduced, and the armature current changes the distribu- 
tion of the flux in the air gap. In the shunt motor, the speed fall* 
oflf and armature reaction distorts and reduces the field, 

Decreased field excitation, decreased speed, and armature demag-' , 
netization cause the iron losses of a dynamo to decrease; field dis^ 
tortion causes the iron losses to increase. These two effects, there— j 
fore, tend to neutralize each other. No accurate and easily applied^J 
method for determining the change in the stray power of a dyi 
as the load changes has been devised and, since it is usually s 
no correction need be attempted. 

By differentiating the equation for the efficiency of a shunt i 
name it may be shown that the efficiency is a maximum when ll 
constant losses equal the variable losses, i.e., the efficiency is' 
maximum when the armature resistance losses are equal I 
sum of the field resistance loss and the stray power. 

Tlie series dynamo. — Since the field excitation of a series g 
ator, and the field excitation and the speed of a series motor > 

* H the Lerminal voltage of a shunt generator remains constant, the fieJd c 



L 



be increased as the load 
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rer wide limits, the stray power of a series dynamo also varies 
reatly. Therefore, the stray power must be determined for the 
larticiilar speed and field excitation for which it is desired to 
alculate the efficiency. By separately exciting the field and regu- 
lating the voltage applied to the terminals of the armature, the stray 
power of the dynamo for any sjyeed and field excitation may be 
determined. 

Since the same current flows in the field as in the armature of a 
smes dynamo, the copper losses for any load are equal to the square 
of the line current multiplied by the combined resistance, in scries, 
of the two windings. The losses due to brush-contact resistance 
should be calculated as for a shunt dynamo. 

The compound dynamo. — Since the voltage of a compound gener- 
ator and the speed of a compound motor may vary widely from their 
no-load values, the efficiency may be accurately calculated only by 
determining the losses at the voltage, or the speed, at which the 
dynamo operates when carrying the specified load. 

The approximate efficiency of a compound dynamo obtained by 
assuming the shunt-field loss and the stray power constant, is often 
sufficiently accurate, particularly if the dynamo is flat or only 
slightly overcompounded. 

As a generator. — Given the voltage characteristic of a compound 
generator, very close approximations of the losses at ditTcrcnt loads 
may be made from no-load measurements. Knowing the tcr- 
nanal voltage at any condition of loading and the resistance of the 
aunt-field circuit, the shunt-field loss is readily calculated. The 
Ksistance losses in the series field and in the armature are calcu- 
•hted in the same way as for the series dynamo. 
• By separately exciting the series-field winding, the stray power 
of a compound generator may be readily determined for any re- 
'Vired speed and field excitation. If the stray power is determined 
fordifferent excitations, but constant speed, a curv^e may be plotted, 
•Wng stray power as ordinates and per cent of rated load as ab- 
scissa. From thk curve the stray power at any load is obtained. 
As a motor. — When the long shunt compound dynamo is oper- 
•ated as a motor from constant potential mains, the shunt-field loss 
k constant and the resistance loss in the armature and that in the 
series-field circuit may be calculated from the resistances of. the 
(rindings and the armature current. The shunt-field loss in a short- 
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shunt compound motor, operating from constant potential mains,, 
decreases slightly as the armature current increases because of the 
drop in the series-field winding which reduces the voltage betweea 
the terminals of the shunt-field circuit. Stray power should be d^ 
termined for speeds corresponding to different field excitaticM^; 
and a curve plotted as for a generator. 

6. Ratings. — Aside from the greatly increased copper losses ift 
a dynamo which materially reduce its efficiency when excessive 
current flows in the armature windings, the output is limited hf: 
(a) heating, (b) sparking, (c) voltage considerations. 

(a) Heating. — According to Joule's Law the heat liberated in a 
current-carrying conductor is proportional to the square of the cur- 
rent flowing in the circuit. The heat due to hysteresis and eddy 
currents also tends to raise the temperature of the armature. 

Insulations used on commercial dynamos will not stand an in- 
definite rise in temperature without injury to the insulating quali- 
ties. The output, then, must be kept below the value whiA 
causes the insulation of the conductors to be injured. The generally 
recognized safe limit of temperature is 65 to 70 degrees (Centigrade).* 
If the atmospheric temperature is taken as 25 degrees (an average 
value), the allowable temperature rise is 40 to 45 degrees. 

(b) Sparking. — Excessive armature currents, by reason of thcar 
reaction on the magnetic field, cause sparking at the brushes which 
burns and ultimately destroys the commutator, and thus limits the 
output of a given dynamo. 

(f ) Voltage limitations. — An examination of the magnetization 
curve of iron shows that the flux in a given magnetic circuit cannot 
be increased beyond a fixed value (magnetic saturation), without 
increasing the exciting ampere-turns beyond the economical limits 
The alternative is to increase the speed, but this is limited, b] 
mechanical considerations, to a peripheral velocity of about si 
thousand feet per minute. 

Commutation difficulties increase as the voltage increases, aw 
the commutation of voltages above 1200 to 1500 is practicable onl; 
on large sized machines. 

• This temperature is that determined by a thermometer, and is from 5* to 15 
less than the maximum internal temperature. 
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CHAPTER VI — PROBLEMS 

1. A 500-kw., S5o-volt generator has a field current of 10 amperes, an arma- 
ture rBistance of o.oi ohm, and a stray power of 7500 watts. Find: (a) the 
cffidenc>' at full (rated) load, {b) the maximum efficiency, (c) the output at 
mzimuin efficiency. 

2. The dvTiamo in Problem i is nm as a motor. Find: (a) the horse-power 
output when the current mput to the armature is 750 amperes, (6) the current 
npot to the armature when the horse-power output is 500. 

KotC — Output = £/a - RJa* - 5 - Ehla- 

3. Gilculate the stray power of a 220-volt shunt motor when running at 800 
r4)jn., the current input being 15 amperes, the resistance of the field circuit 50 
obms, the resistance of the armature circuit 0.06 ohm, the applied voltage 200 
lod the output zero. 

4. Calculate the efficiencies of the motor in Problem 3 for the following ar- 
mature currents: 25, 50, 75, 100, 125, 150, 175, 200, 225, 250, 275 and 300. 
CcHisider the field loss and the stray-power constant. 

5. Plot the efficiency curve from the values calculated in Problem 4, and 
fan the curve determine: (a) the maximum efficiency, (6) the horse-power 
output at maximum efficiency. 

6. The armature resistance of a 25-horse-power, 230- volt shunt motor is 
0104 ohm, and its stray power is equal to 5 per cent of its rated output. Find 
tk current input to the armature: (a) at full (rated) load, {b) at one-half full 
load 

7. The rated current input to a 230-volt shunt motor is 185. Field resist- 
ance* 140. Armature resistance = 0.08. No-load speed (with rated voltage 
and normal field excitation) = 785. Current input at no load = 8. Fintl: {<t) 
toy power, (b) field loss, (c) armature copper loss at rated load, (d) rated 
ioise-power output, (e) efficiency at full load, (/) speed regulation. 

8. A 220-volt shimt motor has a stray power of 1000 watts and an armature 
fiesistance of o.i ohm. At full load the armature current is 150 amperes and 
the speed 900 r.p.m. Find: (a) the no-load speed, {b) the full-load output in 
!ioi5e-|X>wer, (c) the armature copper loss at full load, (J) the armature current 

t no load. 

9. A 230-volt shunt motor delivers 50 brake horse p>ower when the current 
iput is 185 amperes. The resistance of the armature = 0.06 ohm; the resist - 
ice of the field circuit = 160 ohms. Find the stray power. 

10. A 220-volt, 40-horse-power shunt motor has an armature resistance of 
II ohm. The current input to the armature when operating at a speed of 
o r.p.m- and delivering the rated horse-power output is 156 amperes. Shunt- 
Id current = 4 amperes. Find: (a) the efficiency at full load, {b) armature 
rrent at half load (20-h.p. output), (c) maximum efficiency, (</) output at 
iximum efficiency, (e) speed at no load. 

11. A shunt dynamo, when operated as a generator at 800 r.p.m., delivers 1 1 
r. the terminal voltage is no, and the field current is 2 amperes. Armature 
Stance = 0.05 ohm. When the same machine is operated as a motor, the 
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input is I02 amperes at no volts, and the output is 12.8 horse power, fu 

(a) the counter-electromotive force of the motor, (b) the speed of the mot 
(c) the stray power: (i) of the generator, (2) of the motor. 

12. A 240-volt, 25-horse-power shunt motor is rated to run at 750 r.p. 
Armature resistance = o. 1 2 5 ohm. Field resistance ==160 ohms. Stray pov 
(determined at no load) » 500 watts. Find: (a) speed at no load, (b) effidec 
at full load, (c) armature current at maximum efficiency. 

13. Tbe no-load input to a 22(>-voIt shxmt motor is 1.5 kw. Armature : 
sistance ^ ao8 ohm. Field resistance » 100 ohms. Find: (a) the stz 
power, (6) the field loss, (c) horse-power output at maximum efficiency, I 
speed at maximum efficiency. 

14. A 2 30- volt shunt motor is rated at 60 horse power. The maximi 
efficiency is 90 %, and is obtained when the output of the motor is 50 ho 
power. Resistance of the field circuit = 100 ohms. Find: (a) stray pon 

(b) resistance of the armature winding, (c) full load of efficiency. 



CHAPTER VII 
POLYPHASE ALTERNATING CURRENTS ! 



I. limitations of the single-phase system. — The single-phase 
item of electrical distribution has been largely displaced for the 
>wing reasons: 
(a) Pol>phase systems are more economical in the use of copper, 

1, a given power may be transmitted over a smaller wire in the 
[polyphase system. 

(6) Single-phase induction motors are not self-starting without 
try apparatus which adds to their mechanical complications 
increases their cost, 
(c) The power in a single-phase system is pulsating, that in a poly- 
system is constant. 
&)mmercial polyphase systems consist of two or more single- 
circuits in which the electromotive forces or currents are 
It of phase. The single-phase circuits composing a poly^phase 
may be independent of each other, or they may be mechani- 
and electrically interconnected. 

2. The two-phase system. — The two-phase system, also called 
r-phase and quarter-phase, consists of two single-phase circuits, 
electromotive forces or currents of which are 90 degrees out 

phase. The two single-phase circuits may be; 

1) independent, (6) interconnected to form a 

j-wire system, (c) star connected, (d) mesh — 
lected. 

(a) Independent phases. — A two-phase sys- Fig. 88. Two-phase 
the phases of which are independent, is -^^ ^"^' ^^^^ 
in Fig. 88. Evidently, the power and the 
it in each phase is dependent only on the impedance of its 
circuit, and each phase may be treated as an independent single- 
system, 
(ft) Three-wire system. — A three-wire two-phase system is shown, 

itically, in Fig. 89, one terminal of each phase beiog con- 
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nected to a common wire. This system is little used because thes 
voltages between wires are not equal and the current, for an equafl 
load on each phase, is greater in the common wire than in each of 
the other two. 

If the voltage between the terminals of each phase winding it;: 
E {= AB = BC)y the values and phase relations are represented^: 




^(SSSSSSLrz- 




FiG. 89. Two-phase Three-wire 
System. 



Fig. 90. Vector Diagram of Two-phase 
Three-wire System 



in a vector diagram, and the electromotive force between A and 
C is the geometric sum of the phase voltages. Fig. 90. 

Eac = ViABY + {BC)\ (i) 

^ Similarly the currents in A and C may be represented in a vector 
diagram, and the current in B shown to be their geometric sum. 

Ib = V77+V. (2) 

From the above it is evident that neither the mechanical nor the:^ 
electrical relations are symmetrical. 

{c) Star comtection. — A star-connected two-phase system ia: 
shown in Fig. 91. This system is symmetrical, both mechanically' 





Fig. 91. Two-phase Star-comiected 
System. 



Fig. 92. Two-phase Mesh-connected 
System. 



and electrically. The wires are all of the same size, the voltage be* 

E 

tween alternate wires is £, and that between adjacent wires is — ;=• 

Each pair of wires, ^^4 or BB in Fig. 91, carries the current due to the 
load on that phase just as If the two phases were not interconnected. 
(d) Mesh connection, — The mesh-connected two-phase system is 
shown in Fig. 92. The mechanical and the electrical relations arc 
obvious from the figure. 



. i 
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Two-phase apparatus has not attained great popularity because 
three-phase apparatus oflfers greater advantages. 

3. The balanced three-phase system. — The three-phase system 
is composed of three mterconnected single-phase circuits. The 
' three component circuits may be connected: (a) star or wye, (b) 
' delta or mesh, (c) open delta or V, (d) tee. 

s (a) Star connection. — If the three independent circuits shown 
[ in Fig. 93 are so related that the current in A attains its maximum 
f positive value one-third of a cycle before the current in 5, and one- 



i 



. 
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^■'. Fig. 93- Component Circuits of a Three- Fig. 94. Three-phase Star-connected 
^ phase S>'stem. System. 

'third of a cycle after the current in C, the algebraic sum of the 
- currents in a\ b' and c' is, at any given instant, zero and the ter- 
minals of coils i4, B and C may be connected together as shown in 
' Fig- 94, in which the lines a', V and c' are omitted. The maxi- 
;' mum values of current are assumed to be equal. . 

This connection is known as star or wye, and the junction of the 

: three coils is the neutral point (or simply the neutral). A fourth 

'-^lire is sometimes run between the neutral point of a generator and 

^ that of its load, but it carries little current unless unusual con- 

;ditions exist in the system. A neutral wire, when run, is always 

smaller in cross section than are the mains. A grounding of the 

neutral points is usually all that is required, the earth acting as the 

neutral conductor. 

Referring to Fig. 94, let the electrical relations of coils A , B and 
C be such that ^^ ^ j^ sin co/, (3) 

tB = Im sin (w/ - 120°), (4) 

ic = Im sin (co/ - 240°), (s) 

«A = £n sin (Jit, (6) 

Cb = Em sin {wt - 120°), (7) 

ec = Em sin (co/ — 240°). (8) 



no 
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Then f a + ia + ic = o, (9) 

i,e,y the instantaneous currents in a star-connected system are posi- 
tive or negative as they flow away from or toward the neutral, and 
the sum of the positive values is always equal to the sum of the 
negative values. 

From equations (6), (7) and (8), the line-to-line voltage of a star- 
connected system is 

Ci = Em sin cjt — £m sin^w/ =F 120°) ; (10) 

the voltage between the line terminals of coils A and B is maxi- 
mum when oj/ = 60° or 240°; the voltage between the line termi- 
nals of coils A and C is maximum when (at = 120° or 300°; and 
the voltage between the line terminals of coils B and C is maxi- 
mum when cot = 180° or 0°. 

Therefore, 

(£i)m = {Ep)m sin 60° - (£p)m sin 300*". 

= 0.866 (Ep)m + 0.866 (£p)« 

= 1.732 (Ep)m 

= V3(£p)^ 

and El = V3 Ep, 

i.e., the effective line-to-line voltage of a balanced star-connected 
system is equal to the effective phase voltage multiplied by the 
square root of 3. 

It is evident, from the connection, that the same current flows in 
the coil of a star-connected system as flows in the line to which the 
coil is connected. 

Since the line current and the phase electromotive force of a 
balanced star-connected system supplying a non-reactive load dr- 



(") 

(13) 
(14) 

(is) 





Fig. 95. Vector Diagram of Star-con- 
nected Svstem. 



Fig. 96. Three-phase Delta-con- 
nected System. 



cult attain their maximum values at the same instant, it follows 
that the line current and the line-to-line voltage are out of phase 
by 30 degrees, as shown in Fig. 95. 
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(b) Delta connection. — Referring to Fig. 96, let the electrical re- 
lations of coils A, B and C be such that 

ca = £m sin w/, (16) 

cb = £m sin {(at - 120°), (17) 

■ 

fc = -Em sin {(at -240°), (18) 

tA = /msino)/, (19) 

is = Im sin {(at - 120°), (20) 

ic = Im sin («/ - 240°), (21) 

Then e^ + ^b + ^c = o, (22) 

f.^., the instantaneous electromotive forces in a delta-connected 
system are negative or positive as they tend to cause a current to 
flow in a clockwise or in a counter-clockwise 
direction around the circuit formed by the three 
coils, and the sum of the positive electromotive 
forces is always equal to the sum of the negative 
electromotive forces. 

In a delta-connected system the voltage be- 
tween lines is the voltage between the terminals ^^^- ^7- Vector Dia- 
of the coil, because the terminals of the coil are n^a»ci\vstem.^'^" 
connected directly to the lines. 

From equations (19), (20) and (21), the line current in a delta- 
connected system is 

ii = Im sin (at — /m sin {(at =F 120°) ; (23) 

the current in the line to which coils A and B are connected is 
maximum when (at = 60® or 240®; the current in the line to which 
coils A and C are connected is maximum when tat = 120° or 300°; 
and the current in the line to which coils B and C are connected 
is majrimum when <at = 180° or 0°. 
Therefore, 

{Ii)m = {Ip)m sin 60° - (/p)m sin 300° (24) 

= 0.866 (/p)« + 0.866 {h)m (25) 

= 1.732 {Ip)^ (26) 

= ^3 {hU (27) 

and ^« =y3 ^p- (28) 
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i.e., the effective line current in a balanced delta-connected system 
is equal to the effective current in each winding multiplied by the 
square root of 3. 

Since the line-to-line voltage and the phase current in a balanced 
delta-connected system supplying a non-reactive load circuit attain 
their maximum values at the same instant, it follows that the line 
current and the line-to-line voltage are 30 degrees out of phase. 

(c) V -connection. — With the open-delta or V-connection, a three- 
phase system is obtained by the use of only two windings. Fig. 98. 
The connection is essentially that of the delta with one coil oniitted. 





kUc 



Fig. 98. Three-phase V-connection. Fig. 99. Vector Diagram of V^-connection. 

Obviously, the line-to-line voltage is that of the winding, and the 
line current must flow in the winding. The vector diagram for a 
V-connection is shown in Fig. 99. 

Let the load on a delta-connected system be 300 kw. at unity 
power factor. It is obvious that each winding carries one-third of 
the total load or 100 kw. If the same load is carried by an open- 
delta system, each winding must carry one-half the total or 150 kw., 

but the current and the electromotive force in 
the windings are 30 degrees out of phase and the 
current-carrying capacity (rating) of each open- 
delta winding must be 1.73 times the current- 
carrying capacity of each delta winding. The 



B weight of copper required for an open-delta con- 

Fig. 100. Three-phase nection is, therefore, 15 per cent greater than 
T-conncciion. ^^^^ required for a delta connection. 

{d) T-connection. — A three-phase system is obtained if two coils, 
the electromotive forces in which are in quadrature, are connected 
as indicated in Fig. 100. 

Referring to Fig. 100, let 



Eab = E^Bc = ^CA (29) 

and EcD = Ebd = - — • (30) 



POLYPHASE ALTERNATING CURRENTS 1 13 

The voltages Eabj Ebd and Ead are, by construction, the hypothe- 
nuse, the base and the altitude of a right triangle. Fig. loi. 
Therefore, 

Ead = J E^b' - ^^ (31) 

' 4 

= 0.866 £^B, (32) 

U.J a three-phase system having equal voltages between lines is 
produced by two windings connected as in Fig. 100, if the elec- 
tromotive forces in the windings are in quadrature and that in AD 
is 0.866 times that in BC. 
Let the current in winding AD be in phase with the voltage 

EaD' Then 

i^ = /m sm a, (33) 

is = /« sin {u)t - 120°), (34) 

ic = Im sin (w/ - 240°). (35) 

But eac = {EBc)m sin (o)t - 90°). (36) 

Therefore, at unity power factor, the current in one-half of the wind- 
ing BC leads the electromotive force, and that in ^ 
the other half lags behind the electromotive force, ^^'^ ^" ^ 
^ shown in Fig. loi. ^ A^ JT '^ 
4. Comparison of star and delta connec- ^^ 



J.— The star-connected three-phase system Fig. loi. Vector Dia- 
nas the following advantages over the delta- gram of T-connec- 
connected system: ^^''''• 

(«) The availability of a neutral point to which a ground wire, 
* meter connection or a load may be connected. 

% Circulating currents cannot flow in the windings of a star- 
^nnected system. 

fc) For a given line-to-line voltage, the number of turns required 
^ a star-connected armature is only 58 per cent of the number 
required in a delta-connected armature. 
(i) The electromotive-force wave of a star-connected armature 
I winding is more nearly harmonic than that of a delta-connected 
winding.* 

• A non-harmonic electromotive force wave may be resolved into a fundamental 

sine wave and the odd harmonics of this fundamental. By reason of their phase 

tdsUioDS, some of these harmonics, particularly the third, cause currents to flow in 

the circuit formed by delta-connected coils, but neutralize each other in star-connected 

ooils and do not appear in the line-to-line voltage wave. 
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5. Unbalanced three-phase system. — When the load on a three — ' 
phase system is unequally divided between the three phases, th€^ 
system is said to be unbalanced, and the currents flowing in the- 
different lines are no longer equal. The voltages between lines are 
also unbalanced to a slight degree. When the line currents are 
unequal, the algebraic sum of the instantaneous line currents may 
not be zero and an equalizing current. Is in Fig. io2, flows in the 
neutral of a star-connected system, or distorts the current triangle 





Fig. 102. Vector Diagram of Unbalanced Fig. 103. Vector Diagram of Unbalanced 
Star-connected System. Delta-connected System 

of a delta-connected system, as indicated in Fig. 103. If the star- 
connected system is not provided with a neutral connection, the 
current relations are still further distorted. 

6. Power factor of a polyphase system.. — The term "power 
factor,'' when applied to a polyphase system, can have no rational 
meaning since each component circuit may have a different power 
factor. 

7. Power in a polyphase system. — It has been shown* that the 
power in a single-phase alternating-current circuit is equal to the 
product of the electromotive force, the current and the cosine of 
the angle of phase difference. 

Pi = £/p cos «. (37) 

The power in a balanced two-phase system is, therefore, twice that 
in one of the component circuits, 

P2 = 2 £p/p cos *, (38) 

and that in a balanced three-phase system is three times that in 
one of the component circuits. 

Wz = 3 EJ, cos 0, (39) 

when Ep = the phase voltage. 

If, = the phase current, 
cos <t> = the power factor of each component circuits 

* See Chapter i, Section 28. 
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The Ibe quantities of a pol>'phase system are often more easily 
measoied than the phase quantities, and it is convenient to have a 
power eqoalbn into which the line quantities may be substituted. 
From equation (15), the line-to-line voltage of a star-connected 

system is equal to V3 times the phase voltage; from equation v^S), 

the line current in a delta-connected system is v^3 times the phase 
cunent Therefore, 

P, = V^ Ell I cos *, (40) 

when JE, = the line-to-line voltage, 

1 1 = the line current, 
cos 4> = the power factor of each component circuit. 

8. Constancy of power in a balanced polyphase system. — One 

of the advantages of the polyphase system, when compared with the 
single-phase system, is its constancy of power, i.e., the torque of a 
single-phase motor is pulsating; that of a polyphase motor is 
constant. 

Let the electromotive force and current relations in one phase of a 
two-phase system be such that 

«' = JE«sinw/, (41) 

i' = /m sin (w/ - 0). (42) 

rhen the relations in the second phase are 

(?" = £« sin M - 90°) (43) 

=' En, cos ci/, - • (44) 

i" = Im sin (io/ — 90® — <^) \ ^ (45) 

==/.COs(a,<-0), \ (46) 

nd ^ = e'i' + (/T (47) 

= EnJm [sin (at sin (w< — 0) + cos w/ cos (w/ — 0)]. (48) 

E2i)anding equation (48) 

pi = Emim cos (sin^ co/ -h cos^ osi) . (49) 

lut . sin^w/ + cos^o)/ = I. (50) 

Tierefore, p2 = EnJm cos 0, (51) 

hich is a constant. 

In a similar manner it may be shown that the power in a three- 
base system is constant, and equal to 

pi = i.5£«/«cos0. (52) 
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9. Power measurements. — The power in a single-phase system 
may be measured by means of a wattmeter connected as indicated 
in Fig. 104. Since a polyphase system is composed of two or 

more single-phase circuits, the power 
in a polyphase system is the sum of 
the indications of wattmeters con- 
nected in the compK)nent single-phase 
circuits. 

In the two-phase system a wattmeter connected in either phase 
indicates half the total power, if the system is balanced; if the 
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Fig. 104. Single-phase. 
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Fig. 105a. Two-phase Four- wire. 



Fig. 105b. Two-phase Three- wire. 
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system is unbalanced, a wattmeter must be connected in each phase i 
and the sum of the readings taken as the total power of the system. A 

The connections for a four-wire sj^s- T 
tern, either independent or intercon- 
nected, are shown in Fig. 105a, and 
those for a three-wire system in 
Fig. 105b. 

The power in a balanced three- 
phase system may be determined 
from the indication of one wattmeter 
connected as shown in Fig. io6a- 
The current coil of the wattmeter is 
connected into any one of the three 
lines, and the potential coil is con- 
nected between this line and the neu- 
tral of a star-connected system. Ib 
a delta-connected system, or in a star- 
Fig. 106. Three-phase. connected System the neutral of whid 

is inaccessible, a so-called ''artificial neutral" may be constructed 
by using two resistances, each of which is equivalent to the resist- 
ance of the potential circuit of the wattmeter. When connected 
as shown in Fig. io6b, the resistances and the potential circuit oi 
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the meter form a star connection, and the meter indicates, for 
balanced load, one-third the total power of the system. 

A more generally used method for determining the power in a 
three-phase circuit makes use of two wattmeters connected as indi- 
cated in Fig. io6c. The algebraic sum of the indications of the 
meters is the total power in the system, whether the system is 
balanced or unbalanced.* The current coils of the meters are con- 
nected into any two of the three lines, and the potential coils be- 
tween these two lines and the third line. The wattmeter indica- 
tions are equal only when the power factors of the load circuits 
are unity and the load is balanced. 

In using two wattmeters for measuring the power of a three-phase 
system, the sum of their indications is to be taken if the power fac- 
tors of the load circuits are greater than 50 per cent and their dif- 
ference if the power factors are less than 50 per cent. The power 
factors of induction motors running at light loads are often very 
low. To determine whether the power factor of a circuit is greater 
or less than 50 per cent, disconnect the potential coil of wattmeter 
No. I from line B and connect it to line A. Fig. io6c. If the 
direction of torque (the direction in which the 
pointer deflects) is not reversed, the power factor 
is greater than 50 per cent. 

Referring to Fig. 107, let OA, OB and OC ^4 
represent the equal line to neutral voltages of ^ 
a balanced three-phase system,t the power factor 
of which is 50 per cent (angle of lag equals 60°). 
The line currents, then, are represented by the ^^^- ^^7- Vector pia- 
vectors /a, Tb and Ic and the line voltages by meters 
AB.BCdindAC. 

If the currents in the coils of a wattmeter remain constant, the 
indication of the meter is proportional to the cosine of the angle of 
their phase difference. Therefore, wattmeter No. 2, with a phase 
difference of 90 degrees, indicates zero, and wattmeter No. i, with 
a phase difference of 30 degrees, indicates the total load in the 
thiee-phase system. If the power factor of the system is greater 
than 50 per cent, the indication of wattmeter No. 2 is positive and 

• An unbalanced three-phase system with "grounded" neutral is essentially a four- 
wixe fystem, and three wattmeters should be used if accurate determination of the 
is required. 
f It is immaterial whether the system is star- or delta-connected. 
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must be added to the indication of wattmeter No. i to obtain the 
total power in the system; if the power factor of the system is less 
than so per cent, the direction of current in one coil of wattmeter 
No. 2 must be reversed to bring the indication on the scale, and 
its indication regarded as negative. 

From the above considerations it is evident that 

Pi = EabIa cos (30 - «) (53) 

and P2 = EbcIc cos (30 + *), (54) 

when Pi = the indication of wattmeter No. i, 
P2 = the indication of wattmeter No. 2, 
Eab — Ebc = the line-to-line voltage, 
^A ^ ^c = the line currents, 
4> = the power-factor angles. 

It was shown in Section 7 that the total power in a balanced 
three-phase system is 

P3 = V3 EJi cos 0. iss) 

But Pi + P2 = EJi [cos (30° - 0) + cos (30° + </>) ] (56) 

= EJi (cos 30° sin + sin 30° sin 

+ cos 30 sin — sin 30° sin <t>) (57) 

= 2 EJi cos 30° cos 4> (58) 

= V^ EJ I cos <t>. (59) 

Therefore, the total power of a three-phase system is the algebraic 
sum of the indications of two wattmeters connected as shown in Fig. 
.io6c, and the indications of the meters are equal only when the 
phase angle is unity, i.e., when the load circuits are non-reactive. 
The power factor of a balanced three-phase system may be cal- 
culated from the wattmeter readings and the following formula: 

cos = — ===, (60) 

when n = -z^i 

Pi 

Pi = the indication of that wattmeter which is always 

positive, 
P2 = the indication of that wattmeter which may be either 

positive or negative. 
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xo. Comparison of two- and three-phase systems. — The state- 
ment was made in Section 2 that the three-phase system is superior 
to the two-phase system. This superiority lies chiefly in the smaller 
weight of copper required in the three-phase system for the trans- 
mission or the distribution of a given power, the line voltage and 
the power lost in the two systems being equal. Let 

E = the greatest line-to-line voltage in each system, 
I2 = the current in each line of the two-phase system, 
/a = the current in each line of the three-phase system, 
R2 = the resistance of each of the four conductors in the two- 
phase system, 
i?4 = the resistance of each of the three conductors in the 
three-phase system. 

2Eh = y/iEIz (61) 



Then, 
and 



/2 = 



^^^ 



(62) 



The copper loss* in the two-phase system is 
and that in the three-phase system is 

Since the copper losses in the two systems are equal 

4/22/2' = 3^3/3'. 
Substituting the value of h from equation (62) 

3^3 __ ^ ^_T2 



and 



4i?2'^^ = 3^3/3 

4 

R2 = Rzy 



(63) 



(64) 



(65) 



(66) 
(67) 



ix.^ the resistance of each conductor in the two-phase system is 
equal to the resistance of each conductor in the three-phase system, 
and the total weight of conductor in the two-phase system is one- 
third greater than that in the three-phase system. 

When the three-wire two-phase system having a phase voltage 
equal to the line-to-line voltage of a three-phase system, is compared 
with the three-phase system, the weight of copper in the two-phase 
system is found to be 2.8 per cent less than that required in the 
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three-phase system. This small saving in copper is more 
offset by the increased insulation required by reason of the 40 
cent larger voltage between two of the conductors. 

II. Equivalent single-phase system. — In problems involviv-^ 
polyphase quantities, it is often convenient to consider the poly^^ 
phase system replaced by an equivalent single-phase system, \Jt^ ^ 
by a single-phase system, the voltage of which is equal to 
greatest voltage between lines in the polyphase system, and ii 
which the total power, the losses and the power factor are equa^^ 
to those in the polyphase system. 

Equivalent of ilie two-phase system, — Since the two-phase system v^ 
composed of two single-phase circuits, the voltage of the equivalent 
single-phase system is the phase voltage of the two-phase system * 
and the equivalent single-phase current is twice that in each of the 
two-phase conductors. The copper loss in the two-phase system is 

P2 = 2i^2/2^ (68) 

when Ri = the resistance of each phase circuit, 
I2 = the current in each line. 

The copper loss in the equivalent single-phase circuit is 

Pi = R, (2 h)\ (69) 

But Rx{2hy^2R2h^ (70) i 

and i?i = -S (71) i 

' i 

i.e., the resistance of the equivalent single-phase system is equal to 1 
one-half the resistance of each circuit of the two-phase system. 

Equivalent of the three-phase system, — Assuming unity power 
factor, the power in a three-phase system is 

P3 = V3 Eh (72) i 

and that in the equivalent single-phase system is 

Pr-Eh. (73) 

Therefore, h = V3 h. (74) 

i?i/i* = 3 RzU (75) 

and i?i = R3, (76) 

* Unless the phases are interconnected to form a three-wire system. 
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when ^1 = the resistance of the equivalent single-phase system, 
J?i = the resistance of each phase of the three-phase system, 
/i = the current in the equivalent system, 
/i = the current in each line of the three-phase system, 

w., the resistance of the equivalent single^hase system is equal 
to the resistance of each phase of the three-phase system. 

It is evident from inspection that the equivalent resistance of a 
star-connected system is one-half the resistance as measured by con- 
tinuous-current methods between any two lines of the three-phase 
system. It niay be shown that this is also true for the delta-con- 
nected system. 

CHAPTER \1I — PROBLEMS 

1. A balanced 3-wire, 2-phase system delivers 50 kw. at" a voltage (phase) 
of 220 and a power factor of 0.9. Find: (a) the current in each line wire, (b) the 
foltagc between the "outside" wires. 

2. The current in the common wire of Problem i flows in the current coil 
of a wattmeter, and the voltage coil of the wattmeter is connected betw^een the 
oommon mre and one of the "outside" wires. Find the wattmeter indica- 
tion. 

3. The current in the common wire of Problem i flows in the current coil of a 
vattmeter and the voltage coil of the wattmeter is connected between the "out- 
■dc" wires. Find the wattmeter indication. 

4. A 3-phase, star-connected system has a line-to-line voltage of 6600. 
\ Find the phase voltage (line to neutral). 

i 5. The line current in a balanced delta-connected system is 150. Find the 
i phase current. 

6. Find the power in the circuit of Problem 5 when the phase voltage is 240, 
ind the power factor of the load circuit is 0.85. 

7. The current coil of a wattmeter is connected in one line of a balanced 3- 
phase system, and the voltage coil of the wattmeter between the other two lines. 
:Thc kw. output of the system is icx), the voltage 220 and the power factor 
Itaiky. Find the indication of the wattmeter. 

8. A non-inductive star-connected load and a non-inductive delta-connected 
load are operated from the same 3-phase system. The phase current in each 
load circuit is icx) amperes. Find the current in each line of the supply system. 

9. Same as Problem 8 except the power factor of the star-connected loads 
B 0.866. Find the line currents. 

10. The indications of two wattmeters connected as in Fig. io6c are 5000 and 
»5oa. The system is balanced. Find the power factor of the load circuits. 

ir. The phase currents in a delta-connected 3-phasc system are 50, 30 and 
fS amperes, the load circuits being non-inductive. Find the current in each 
Solve graphically. 
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1 2. The phase currents of a 2-phase, 3-wire system equal 160 amperes. The 
power factor of the load connected to one phase is 0.85, that of the load con- 
nected to the other phase b unity. Find the current in the conmion wire, 

13. Determine the single-phase equivalent of a balanced 3-phase system 
delivering 500 kw. at 2300 volts, and having a power factor of 0.92. 

14. The line current in a mesh-connected 2-phase system (balanced) is 100 
amperes. Find the current in each coil (Fig. 92). 

15. Find the power in the 2-phase sjrstem in Problem 14 if the voltage be- 
tween alternate wires (Fig. 92) is 2300. 

16. Three resistances, the values of which are 10, 15 and 20 ohms, are star- ■ 
connected to a 3-phase system, the line-to-line voltage of which is 220. Find: 
(a) the current in each line, {b) the voltage between each line and neutral, (c) 
the power input to the resistances. 

17. 100 kw. are delivered to a balanced 3-phase system, the power factor of 
which is 0.85, and the voltage between lines is 2200. Find the current flowing 
in each line. 

i 



CHAPTER VIII 

THE ALTERNATING-CURRENT GENERATOR 

I. Voltage. — The voltage of an alternating-current generator 
is aflfected by the same quantities that affect the voltage of a con- 
linuous-current generator, and in addition, by the relative posi- 
tions of the armature conductors. The equation for the voltage 
of an alternating-current generator may be written 

£a = kipnpN lo"', (i) 

when Ea = the effective electromotive force induced in the arma- 
ture winding, 
i = a constant, the value of which depends on the rela- 
tive positions of the armature conductors, 
<^ — the total flux passing between each pole and the arma- 
ture, 




(a) Statot (antmture) 
Flo. 108. Revolving Field Alternator. 



(b) Field Smiclura 
Triumph Electric Co. 



» = the speed of the armature or of the rotating field 

in revolutions per second, 
p = the nimiber of poles in the field structure, 
iV = the number of series conductors on the surface of the 

armature. 
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Since the product of the speed and the number of field poles ol 

an alternator is equal to twice the frequency, equation (i) may be 
written 

£. = 2 <i,kJN io-«, {iZ 

which is often a useful form of the expression. 

2. Concentrated annature windings. — Concentrated armature 
windings are those in which all the conductors under any given 
pole are placed in one slot, as indicated in Fig. loga. It is evideni 
that the same electromotive force is induced in each of the con- 
ductors, and that the maximum values 
are attained at the same instant. 
Therefore, the total electromotive force 
induced in the winding is that in- 
duced in each conductor multiplied 
by the number of conductors connected 



1. loga. Concentrated Arma- 
ture Winding. 



Since the quantity ^npN lo"* is the average electromotive 
force induced in the armature winding, the value of k for a con- 
centrated winding is the ratio of the effective to the average value. 
For a sine wave 



(3) 

(4) 



2 s/2 
— I. II. 



3. Distributed armature windings. — Distributed armature 
windings are those ui which the conductors under a given pole 
are divided into groups, and each group is placed in a ditTercnt slot, 
as indicated in Fig. loyb. With this arrangement of the armature 
conductors, the electromotive force induced 
in each conductor is the same, but the maxi- 
mum values are not attained at the same 
instant in the different groups, i.e., the 
electromotive force induced in each group 
is out of phase with the electromotive 
forces induced in the other groups. There- 
fore, the electromotive force of an alternating-current generator, 
having a distributed armature winding, is the geometric sum of the 
electromotive forces induced in the several groups into which the 
armature winding is divided. 



Fig. logb. Distributed 
Annatuce Wiodtng. 
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ll the armature winding consists of two similar groups of conduc- 
tors per pole as in Fig. 109b, the maximum in group B occurs one- 
quarter of a cycle (90 electrical degrees) later than the maximum in 
group i4. The electromotive forces of the two groups are, therefore, 
90 degrees out of phase, and the resultant electromotive force is 
v^ times that induced in one group. For any number of groups 
into which the armature conductors may be 
divided, the values and the phase relations 
of the electromotive forces in the different 
groups may be plotted, and the resultant 
electromotive force found graphically. Fig. 
no. In calculating the effective electro- 
motive force induced in the armature of an 
aJtemating-current generator, it should be 
remembered that each group is a concen- 
trated winding, and that the effective elec- 
tromotive force induced in it is the average 
electromotive force multiplied by i.ii, as explained for the concen- 
trated winding. 
From Fig. 1 10 it is evident that 




Fic. no. Vector Diagram 
of Distributed Winding. 



* = 



I.II Od 



0a + 0b + 0c + Od 

_ I.II (chord of the group arc) 
sum of chords between groups 



(5) 



(6) 



For an infinite number of groupings of the conductors, the sum of 
the chords becomes an arc, as indicated by the dotted arc in Fig. 
no. 

TABLE III 



Values of k for Distributed Armature Windings 



No. of slots 


Degrees subtended by the winding 


per pole 


180 


I3S 


90 


60 


45 


2 ■ 

3 

4 
Infinite 


0.784 

0-739 
0.724 

0.707 


0.922 

0.893 
0.882 
0.870 


1. 02s 
1. 012 
1.007 
1 .000 


1 .072 

1.065 
1.063 

1 .060 


1.087 
1.084 
1.083 
1.082 
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4. Effects of distributed annature windings. — The 

distributing the armature winding of a alternator are: {of 
crease the induced electromotive force, (6) to reduce the l 

tance* of the armature circuit and improve the regulation^ ^^^^ 
make the induced electromotive force more nearly harmonic, 
distribute the heating over the armature surface, {e) to redu. 
size of the armature. 

The effect of a distributed winding on the shape of the el^^^^^^ 
motive-force wave is clearly shown in Fig. iii. The electromo 



in 





Fig. Ilia. Voltage Wave with Concen- Fig. iiib. Voltage Wave"with Dia^ 
trated Annature Winding. tributed Annature Winding. 

force wave of the concentrated winding (Fig. ma) shows a vef^ 
pronounced third harmonic which is entirely absent from the waV^ 
of the distributed winding (Fig. nib). The harmonics of th^ 
different groups of a distributed winding tend to neutralize anu 
eliminate the harmonic from the resultant electromotive-forcC 
wave. 

5. The oscillograph. — The shape of an alternating current or 
electromotive-force wave is determined by means of the oscillo- ^ 

graph. A very fine wire or strip is bent f 
(b^.cMrrvntcarry,nq into a loop and pkccd between the poles i 

* Loop , \ 

of a powerful electromagnet, as indicated in 

Fig. 112. Attached to the loop is a small 

^ p ^ mirror M on which may be focused a beam 

of light. 

When current flows in the looped conduc- 



FiG. 112 Schematic Dia- ^^ ^^^ j ^^^^^ ^^ ^^^^ ^ ^^^ .^^ , ^^ 

gram of the Oscillograph. , ' f , ,. r • 

is perpendicular to the hues of magnetic 
flux passing from N to 5. This movement of the loop causes the 
mirror to be deflected, the deflection is proportional to the current 
flowing in the loop, and the beam of light reflected from the mirror 
acts as a pointer. The moving parts of an oscillograph are made 
very light so that the deflection of the mirror is always in time- 

* The inductance of the armature is proportional to the square of the number of 
conductors per slot. 
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phase with the current flowing in the current-carrjing loop, and 
the position of the mirror indicates the instantaneous value of the 
current flowing in the loop. 

If the beam of light reflected from the mirror M b directed onto 
i photographic film having a uniform motion at right angles to 
tlK movement of the beam of light, records similar to those in 
r^. Ill are obtained. When it b not desired to make photo- 
graphic records a second mirror, operated by a small synchronous 
motor, is rotated or vibrated in such a manner that the reflection 
of the beam of light on a stationary screen indicates the wave form 
of the current or electromotive force. 

6, The single-phase alternating-current generator. — In the 
ang!^phase alternating-current generator, the armature conduc- 
tors are all connected in series. Fig. 113. It is evident from 
the considerations discussed in 
Section 3, that the value of k is 
low if the armature conductors are 
distributed over the entire arma- 
ture surface. The terminal volt- 
«ge of a single-phase alternator 
is only slightly greater when the 
toaductors cover the entire anna- 
Inre surface than when they cover 
three-fourths of the surface, but 
the weight of copper and the arm- 
iture resistance are pro[K>rtional 
lo the surface covered. It is, 
therefore, common practice to dbtribute the armature conductors 
over only a portion of the surface of the armature core. Because 
of this excess of materiab, a single-phase alternator has a greater 
wd^t and is less efficient than a pol>'phasc alternator of the same 
voltage and output. 

Consider an armature having four slots per pole and so wound 
that the average electromotive force induced in the conductors 
h each slot is 10 volts. The arc subtended by this winding is 180 
degrees, the value of A b 0.724, and the ctTective electromotive 
force inSuced in this section of the armature winding is 
£, = 4 X 10 X 0.724 
= 28.96 volts. 




13. ElcmcnUry Singlt-phasc 
Armature Winding. 
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If three of the four slots in the above armature core are used, ti 
arc subtended is 135 de^ees, the value of ft is increased to 0.89. 
and the effective electromotive force induced in the coils is 

£a = 3 X 10 X 0.893 
= 26.79 volts. 

Thus by using only three of the four slots per pole, the electp 
motive force induced in the armature winding is reduced oil 
7.5 per cent, while the weight of copper and the resistance of tl 
armature circuit are each reduced 25 per cent. The reactance ■ 
the armature is also materially reduced. 

7. The two-phase altematiiig-cuiTeiit generator. -- In the tw 
phase alternator two armatu: 
windings are wound on the san 
core, the conductors being : 
placed that the two induced ele 

7 \lti^^i*^^^''^''''\j2^^^^^ — " tromotive forces are in quadratur 

s I \^~^(^%^^'ri^| H As each armature winding cove 
\ fi^^^^^^^^y one-half the surface of the cot 

' ^ the arc subtended is 90 degree 

the value of k is materially highi 
than for the single-phase alterni 
tor, the material is used more ac 
vantageously, and a larger outpu 
is obtained from a given weigh 

8. The three-phase alternating-current generator. ~ In tt 
three-phase alternator three armature windings are wound on ll 
same core and so placed that the induced electromotive forces a 
120 degrees out of phase. Each winding covers one-third of tl 
surface of the core, and the arc subtended by the winding is ( 
degrees. 

The windings of three-phase alternators are always interco 
nected, the star connection being more largely used than the delta 
By connecting a single-phase load between any two terminals. 
star-connected three-phase alternator may be operated as a sing! 
phase generator in which the active armature conductors cov 
two-thirds of the armature surface. 




Fig. 114. Elementary Two-phase 
Armature Winding. 



" In a delta- con nected sj-sti 
delta and heat the conductors. 
:e requires 73 per cent i 



m harmonics cause a current to circulate around i 
Also, for a given electromotive totce a delta-conntci 
ore conductors than does a star-connected armatui 
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9. Anutnre reaction. — As in the continuous-current dynamo, 
J (be jrmature current of an alternator affects both the value of the 
I Box in the air gap and its distribution. If the current flowing 
I ii (he armature windings is in phase with the induced electro- 




Re uji. Elementary Three-phase FiG. iisb. Elementary Three-phase 

Amiturc Winding (Delta Con- Armature Winding (Star Con- 

nrcted). netted). 



ootive force, the flux is distorted only; if the current and the 
•IWniinotive force are not in phase, the total flux Is increased or 
''"Jtased as the current leads or lags behind the electromoti\'e 
fcra. 

Rrieiring to a single-phase two-pole alternator with concentrated 
"ioding, let 

I jV = the number of series conductors on the armature, 

f ^ = the angle by which the current leads or lags behind the 

electromotive force. 
Then 

e = E„ sin ut, (7) 

Ud 

i = /„ sin (wl ± <t>). (8) 

The direction of the flux set up when current flows in the arma- 
nre winding is at right angles to the plane of the coil, and its value 
I proportional to the product of the armature current and the 
umber of turns in the winding. Let the instantaneous magneto- 
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motive force in ampere-turns due to the armature winding 

represented by m. Then 

Ni* 
w = — 

2 

_ NIn,sm(o)tziz<l>) <^ 

This magnetomotive force may be resolved into components ^ 

right angles to each other, one of which (w') is parallel to the a^ 

of the field flux, and increases or decreases the flux set up by tb< 

field windings; the other component (w") is in quadrature witi 

the field flux and changes the distribution of the flux in the air gap 

(distorts). 

, iV/^sin(co/d=<^) , , X 

m = ^ ^ cos w/, (ii) 

2 

„ NImSm{o)t±<l>) . . . y 

m = ^^ sm cat. (i2, 



2 



Expanding equation (ii) 



But 



and 



Therefore, 



, iV/m(sinw/cos^±cosw/sin6) ^ , . 

m = ^^ ~ cos wt (13 

NTm (sin ot cos cot cos <^ zb cos^ ot sin </>) , 

(14 

av. cos^ w/ = 0.5 (15 

av. sin cot cos cot cos <^ = o. (16 



av. m = — » (17 



i.e., the average magnetizing magnetomotive force set up by th< 
armature winding of a single-phase alternator is proportional t< 
the product of the maximum value of the current flowing in th< 
winding and the sine of the angle of phase difference. Similarly 

av. m = f (18 

4 

* If the armature winding is distributed, the effective ampere-tums tending to sc 

Ni 
up a flux at right angles to the plane of the coil equals — times the average cosin 

of one-half the angle over which the winding is distributed. 
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U,, the average distorting magnetomotive force set up by the 
annature winding of a single-phase alternator is proportional to 
the product of the maximum value of the current flowing in the 
winding and the cosine of the angle of phase difference. 

The direction and relative magnitude of the armature magneto- 
motive force of a single-phase alternator are showTi in Fig. 116 for 
different positions of the armature. It will be observed that the 




co> 



r b> 



(c > 




Armature Magnetomotive Force. Single-phase Alternator. 



direction of the magnetomotive force, as well as its magnitude, 
varies with the position of the armature. 

In polyphase alternators with balanced load, the armature mag- 
netomotive force is constant in value and fixed in position* for any 
given annature current and phase angle. For a two-phase alter- 
natoT, the magnetomotive force set up by one winding is 

N I n, sin (wi±(t)) f . 

m\ = > (19; 



and that set up by the other winding is 



iV/,„sin(w^d=90zb <^) 

fW2 ~ 

2 

^iV/m COS (co/d:</)) 
2 



(20) 
(21) 



* It is assumed that the alternator is of the rotating armature type. When the 
annature conductors are stationary, the flux set up by the armature winding is con- 
stant in value but rotates at a speed proportional to the frequency of the currents 
flowing in the armature conductors. This rotation of flux is the fundamental principle 
of the induction motor. See Chapter 13. 
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Since these two magnetomotive forces are at right angles, 
Jf - ^^- '^sinHw<±'») + cos'(wf ±») 

2 

= — ~ (a constant), 



(=3) 



i.e., the magnetomotive force set up by the armature winding of a 
two-phase alternator is constant, and equal to the maximum value 
of the magnetomotive force set up by each phase winding. 

That the direction of the magnetomotive force set up by a two- 
phase armature is fixed is evident from the following consider- 
ations: At the instant when the current in phase A is maximum, 
the armature is in the position indicated in Fig. 117a, the currmt 




Two-phase Alternator. 



in phase B is zero, and the magnetomotive force set up by the arma- 
ture is at ripht angles to the plane of coil A. It is represented, 
both in magnitude and in direction, by M. When the armature 
has rotated through an arc of 30 degrees (one-twelfth of a revolu- 
ton), the coils arc in the positions indicated in Fig, 117b, and 



THE ALTERXATKC-CURREXT CEXEIUTOR 



the magnetomotive force set up by the armature is the ge>;'n-.e:r:c 
sum of the magnetomotive forces set up by coils .-1 ^7.z B. 
Similarly, the conditions existing when the amiiture i? in other 
positions are shown for a half re%-olution of the armature which 
brings the coils into their first portion, but with the ourentj. cow- 
ing in the opposite direction. 

That the magnetomotive force produced by the armature oi a 
three-phase alternator is constant in value and nxed in space may 
be shovn in a similar manner, the value of the magnetomotive 
force being one and one-half times the maximum value produced 
by each phase. 

lO. Voltage characteristic. — From Section 9 it is e\ident that 
the field excitation required to simultaneously produce rated ter- 
minal voltage and rated armature current varies with the character 
of the load, »,«., armature reaction decreases or increases the flux 
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PERCtriT OF RATED ARMATURE CURRDIT 
Fic. 118. Voltage Characteristics. 

set up by a given field current as the armature current lags behind 
or leads the induced electromotive force. Therefore, the rise in 
voltage as the armature current decreases, is greater when the load 
druuit is inductive than when it is non-inductive, and the terminal 
voltage may decrease as the armature current decreases, if the 
alternator is supplying a capacitive load circuit. The voltage 
characteristic of an alternator is a curve showing the relations 
between the terminal voltage and the armature current, the 
qxed and the field excitation remaining constant. Curves for 
inductive, non-inductive and capacitive load circuits are shown in 
Fig. 118. 
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II. Regulation. — The regulation of an altemating-cu 
generator is the ratio of the increase in voltage, between rated 
and no load, and the voltage at full load, the frequency ant 
field excitation remaining constant. 

p 1 t* = ("o-lo^vo^*»gc~f"U-load voltage) loo 

ercen regu a on full-load voltage 

It is a waste of considerable energy, and often inconveniei 
impossible, to determine the regulation of a large alternato 
an actual load test. The regulation of an alternator is, there 
usually calculated from no-load tests. The data necessarj' foi 
calculation of the regulation of an alternating-current genei 
are; (a) the resist 
of the'armature dr 
(6) the open-circuit 
uration (magnetizal 
curve, (c) the "si 
circuit" curve, (</) 
zero power factor : 
ration curve. 

(a) Armature r< 
ance. — To deter 
the resistance of 
armature winding, 
nect the armatur 
Shorl-drcuit and S)-nchro- continuous - CUT 

mains in series wi 




Fic. 



tor the Altematot. 

suitable resistanct 
the current in the 
r. ature circuit ma; 
controlled. The r 
ancc of the arm 

win<ling is the ratio of the voltage between its terminals am 

current flowing in the circuit. 



OA opcn-c[rcuit saluralion cune. 

BC approsimalc zero power factor cwtvt. 

BC eipcrimcnUl zero power factor cur\e. 

BD full-load saturation curve at unity pow' 

OF short-circuit curve. 

F.C synchror 






(6) The open-circuit saturation curve. — The saturation 
shows graphically the relations between the electromotive for' 
duced in the armature winding and the field excitation. The 
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hich the saturation curve is plotted are obtained by meas- 
lie terminal voltage of the armature with the armature 
open, for different field currents, the frequency being main- 
at the rated value. Fig. 119. 

"^he '' shor^ircuU" curve, — The short-circuit curve shows 
ally the relations between the current in the short-circuited 
ire winding and the field excitation. Taking into considera- 
le rated current of the armature, short circuit the armature 
g, as indicated in Fig. 120, through a suitable ammeter, 
termine the field current required to cause different current 



Field Kkwmkit , FttM Ifhtpataf 




flfe- 



To LneiNr 




FM^ ■ Fi9ld' 

la} Singir Fhoat ib^ Thrtt Phase 

Fig. 120. Connections for Short-drcuit Test. 

to flow in the armature circuit, the rotating parts of the 
tor being driven at rated speed. Plot the curve as in Fig. 
The imi>edance of the armature circuit is assimied to be 
it and the short-circuit curve is, approximately, a straight 

The zero power factor saturation curve, — The zero power 
saturation curve of an alternator shows the relation between 
minal voltage and the field excitation when the power factor 
load circuit is zero, and rated current flows in the armature 
A curve approximating the zero power factor curve may 
itnXcted from data obtained when the load on an alternator 
5 of idle-running imder-excited synchronous motors, the 
factor of which is very low. 

approximate zero power factor curve may also be con- 
J from the open-circuit saturation curve and the short- 
curve. Draw the curve BC, in Fig. 119, parallel to the 
rcuit saturation airve, beginning at the abscissa which 
Its the field excitation required to cause rated current to 
the short-circuited armature. In alternators having high 
ce, high saturation, and large magnetic leakage, the zero 
actor curve may lie before BC, as indicated by the line 
d its exact location must be determined by test. 
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Regulation by the electromctive-force method. — In caloilating the 
regulation of an alternator by the electromotive-force method, 
it is assumed that the electromotive force induced in the armature 
is the vector sum of two quadrature electromotive forces, one equal 
to the product of the armature current and the total resistance (A 
the circuit, including that of the armature; the other equal to the 
product of the armature current and the total reactance of the 
circuit. 

(26} 
(27) 



E, = I^VS^ + X' 



= ViE c( 



b + RJS- + (£ sin « + A'./„)^ 



when Ea = the electromotive force induced in the armature, 
E = the terminal electromotive force of the generator, 
Ra = the resistance of the armature circuit, 
A'o = the reactance of the armature circuit (the synchronous 

reactance* of the alternator armature), 
7a = the current flowing in the armature circuit, 
cos 4i = the power factor of the load circuit. 

The s>-nchronous reactance of the armature circuit, which can- 
not be measured directly, must be calculated. The voltage drop 
in the armature is the vector sum of the resistance voltage and 
the reactance voltage. 

e: = V(Rj„y + (AUa)^ (28) 

Dividing equation (28) by /a, 

z. - VrJTx^. (29) 

and A'. = VzJ^^rJ. - (30J 

A consideration of the open circuit and the zero powCT factot 
saturation curves, shows that the synchronous reactance of an 



of analtematoTarmatureisthecombined effect of: M 
wmdings, t,b) the flux set up by the current-cairyiiig 



* The synchronous 
the inductance of the 

As shon-n in Section 9. the anp»ture currents of a polyphase alternator 
which is fixed in position, and across which die armature conductors 
electromotive force induced in the conductors by the armatiu^ flux reduces 
terrainal voltage of the altemalor and makes the rcgialalion poorer in much the 
manner as does the inductance of the windings. 

A similar effect takes place in the -"fyJMrh — dlemator because of the vkrjiBS' 
value of the Qux threading the arma^ture aiH. 
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temator armature is not constant, but decreases as the excitation 
increases. It is also aflfected by the phase relation of the current 
and the electromotive force induced in the armature winding, i.e., 
by the power factor of the load circuit. 

Substituting in equation (27) the full- (rated) load armature cur- 
rent, the no-load voltage is calculated and 

Per cent regulation = ^^ =r^ (31) 

Example, — A single-phase alternator has the following: 

E = 2300, /« = 100, i?o = I, A'o = 10. 

Find the per cent regulation when the power factor of the load 
circuit is unity. 

Solution, 

Ea = V(23cx) + 100)^ + (1000)^ 

= 2600 volts. 

ri , . . 2600 — 2300 

Regulation = "^ — 

2300 

= 13 per cent. 

Regulation by the magnetomotive-force meilwd, — In calculating 
the regulation of an alternator by the magnetomotive force method 
it is assumed that the voltage induced in the armature windings 
is due to quadrature fields, one equal to that required to produce 
the total non-inductive drop, the other equal to that required to 
produce the total wattless component of electromotive force. 

From the saturation curve find the field current //' required to 
induce in the armatiure winding an electromotive force equal to 
the total non-reactive drop {E cos -f- RJ^ of the circuit at 
rated load; from the same curve find the field current //" required 
to induce in the armature winding an electromotive force equal to 
the total reactive drop (£ sin ^ -[- XJ^ of the circuit at rated load. 
The field current // required to produce, sunultancously, the tcr- 
oiinal voltage E and the current /« in a circuit the power factor of 
which is cos ^, is 

// = ^(J/f + (//T. (32) 

From the saturation curve find the electromotive force £« in- 
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r 

duced in the armature winding when current // flows in the fida 
windings. ' 



Per cent regulation 



_ {Eg - E) I03 



E (^ 

Example, — Find, by the magnetomotive force method, the re|g 
ulation of the 2300-volt, single-phase alternator, specified above. 
Solution. — From Fig. 1 19, 

// = 44.5 amperes, 

and 

If' = 12.5 amperes. 

Therefore, 

// ^ V^(44.5)' + (12.5)' 
= 46.22 amperes. 

The induced electromotive force is, from the open-circuit sa 
tion curve, 2430 volts, and the regulation is 

= -^— X 100 

2300 

= 5.2 per cent. 

Regulation by the A.I.E.E. method. — The electromotive 
induced in the armature winding of an alternator is the vectoi 
sum of the terminal voltage and the voltage drop in the armature^ 
circuit. Therefore, the drop in the armature, at zero power factor 
and rated armature current, is the difference between the ordinates 
of the open-circuit and the zero power factor saturation curv-es. 

For field excitation, Oc, the induced electromotive forc^ is ca,] 
and the drop in the armature is ba. Fig. 119. For any o 

power factor, and the same field excita- 
tion, the terminal voltage is the vect< 
difference of the induced electromoti 
force and the internal drop. Fig. 121 
By calculating the terminal electro-' 
motive forces for different field excH 
tations but constant power factor, 
load saturation curve BD, in Fig. 119," 
may be plotted. From this curve and' 
the open-circuit saturation curve, the] 
electromotive force induced in the armature when the altematcV 
is operating at rated voltage and armature current, and with: 



Inductd 
it/tag* 




Internal Drvp 
— i^ ►lo 



load Circuit 
y3mhn •''SL 



Fig. 121. 
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the specified power factor, is determined, and the regulation cal- 
culated. 

From Fig. 119, the induced voltage is 2490 when rated current 
flows in the armature circuit, the terminal voltage is 2300, and 
the power factor of the load circuit is unity. The regulation is, 
therefore, 

= -^— X 100 
2300 

= 8.3 per cent. 

Z2. Limits of regulation. — From the above numerical examples 
{it is evident that the electromotive force method and the magneto- 
fmotive-forcc method do not give the same result, these calculations 
ong only to establish the limits within which the actual regu- 
ition lies. If the saturation curve was a straight line, the actual 
^Rgulation would be determined by either of these methods. Since 
[the no-load voltage, as calculated by the electromotive-force 
Mhod, is larger than that obtained by an actual load test, this 
ihod is termed *' pessimistic. " The no-load voltage, as obtained 
the magnetomotive force method, is smaller than that obtained 
an actual load test, and this method is termed *' optimistic. " It 
worthy of note that, in a well-designed alternator, the optimistic 
lod gives a closer approximation to the actual regulation than 
the pessimistic method. 
The A.I.E.E. method for the calculation of alternator regula- 
lion is essentially empirical, but gives results which approximate 
dosely those obtained by test, and its use is recommended in 
jference to either the electromotive-force or the magnetonKUive- 

methods. f e 

13. Graphical determinatioii of term- 
voltage. — In Fig. 122, using 
a center and with a radius propor- 
to the rated electromotive force 
the alternator, strike an arc ECD. 
mgh O draw the current vector /„. 

ly oS OA proportional to the full- ^^^" ''- AUemator Regulation. 

resistance drop RJaOi the armature winding, and AB propor- 

nal to the full-load reactance drop XJ„ of the armature cir- 

IL Draw OC to its intersection with the arc ECD, making the 

Igle COI such that its cosine is equal to the ix)wer factor of the 
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load circuit. BC is proportional to tlie generated or no-Ioar^ 
voltage. 

With B as a center and a radius equal to BC, strike a second ai^ 
FCG. Divide OB into any number of equal parts and lay off equaJ 
spaces beyond 0, the spaces representing percentages of the rate* 
capacity (armature current) of the alternator. From these points 
draw lines, parallel to OC, to their intersection with the arc FCG. 
The lengths of these parallel lines are proportional to the terminal 
voltages at the given percentages of rated load, and from them the 
voltage characteristic may be constructed, or the regulation cal- 
culated. 

14. The Tirrill Regulator. — The (^ratiwi of the Tirrill regu- 
lator, when applied to an alternator, is essentially the same as for the 




Fig. 123. Tirrill Regulator for Alternators. ( 

continuous- current generator* An elementary diagram showinfl 
the application of a Tirrill regulator to an alternator is shown ial 
Fig. 123. The iield rheostat of the exciter is periodically short-j 
circuited by the closing of the main contacts, the length of timw 
during which the short circuit exists dependii^ on the position d 
the main contact. The position of this contact is controlled by tb( 
alternating-current magnet, i.e., by the voltage of the alternating , 
current system. The function of the compensating winding is 
increase the terminal voltage as the load increases, the effect of tin 
compensating winding being proportional to the line current. 

Assuming the main contacts to be open, the relay contact) . 
arc held open by the differentially wound relay magnet, and lS» 
voltage of both the exciter and the alternator falls off. The 
duced voltages allow the main contacts to close. Closing thi 
* See Chapter 4, Section 10. 
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main contacts demagnetizes the relay, closes the relay contacts, 
and short circuits the exciter-field rheostat. The increased field 
excitation increases the electromotive force between the terminals 
of the control magnets, and causes the main contacts to open. 

15. The losses in an alternating-current generator. — The losses 
in an alternator are: (a) armature copper losses, (6) field copper losses, 

(c) windage and friction, (d) iron (core) losses, (e) stray load losses. 
(a) Armature copper losses, — The copper loss in the armature 

winding is that due to the resistance of the armature conductors, 
and increases as the square of the armature current. 

(6) Field copper losses. — The field copper losses are those due 
to the resistance of the field winding and are proportional to the 
square of the field current. If the terminal voltage is to rejiiain 
constant, the field excitation of an alternator must be increased as 
the load increases to compensate for armature reaction and resist- 
ance drop, and the field losses increase with the load. 

(c) Windage and friction, — The windage and friction losses are 
those due to: (i) friction between the shaft and the bushings, 
(2) friction between the brushes and the rings, (^ the resistance 
offered by the air to the movement of the rotating parts. I'hi^se 
losses are constant for any given speed. 

(d) Iron losses, — The iron losses are due to: (i) hysteresis in the 
iron of the armature core, (2) eddy currents in the armature core. 
The iron losses do not vary greatly and arc usually considered 
constant. 

(e) Stray had losses. — The stray load losses, so-called for lack of 
abetter name, include all the losses not included in ((/), (/;), (V) and 

(d) and such changes in (c) and (d) as take place when the alter- 
nator is loaded. The stray load losses are primarily additional iron 
losses which are due to distortion of the magnetic field as the arma- 
ture current increases; to eddy-current losses in the armature con- 
ductors, etc.; and are directly proportional to the armature current. 

Determination of the losses in an alternating-current generator ^ — 
The losses of an alternator arc determined as follows: 

Armature copper losses. — The copper loss in the armature con- 
ductors is equal to the product of the resistance of the armature 
circuit and the square of the armature current. 

Pa = RoL\ (34) 

• ^** the Standardization Rules of the American Institute of Klectrical Kngincers. 
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Field copper loss. — 

p, = RAd/y + (nn os) 

when Rf = the resistance of the field circuit, 

//' = the field current (taken from the saturation curve) re- ' 

quired to produce rated voltage at no load. 
//'' = the field current (taken from the short-circuit curve) 
required to produce a given current in the short- 
circuited armature. 

Wmdage and friction, — Drive the alternator at its rated speed 
but without field excitation, and determine the input to the driving 
motor. Determine the losses in the motor and subtract them from 
the total input. The difference is the loss due to windage and 
friction of the alternator. 

Pxi'6-/ = Motor input — motor losses. (36) , 

Iron losses. — Drive the alternator at its rated speed and with '< 
such field excitation as gives rated voltage at the armature terminals. ; 
The total input to the driving motor is the sum of the losses in the 
motor, the windage and friction of the alternator, and the iron losses 

of the alternator. 

Pi = Motor input — motor losses — W^ &>/» (37) 

Stray load losses. — Drive the alternator at its rated sj>eed with 
the armature winding short-circuited, and with such field excitation 
as produces the desired current in the armature circuit. The in- 
I)ut to the driving motor is equal to the sum of the motor losses, 
the windage and friction of the alternator, the copper losses in the 
alternator armature winding, and the load losses. 

-Pi = ^lotor input — motor losses — RJ^ — W^^y. (38) 

The stra}' load losses as measured under short circuit are greater 
than when the alternator is operating under load because of the j 
low-power factor, practically zero, of the short-circuited armature, j 
Exj^eriment shows that when one-third the stray load loss as de- | 
termined by the above method, is used in efficiency calculations, 
the results approximate actual load tests. This value is, there- 
fore, recommended by the Standardization Rules of the American 
Institute of Electrical Engineers. 
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Fig. 124 shows graphically the losses in an alternator, which are 
so plotted that the total loss for any given armature current is ob- 
tained by reading the ordinate of the top cur\'e corresixinding to 
the given armature current. 
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PER CEHI OF RATED ARMATUMiCURRErir 
Fig. 114. Alternator I Aissi's. 

16. Efficiency. — The efficiency of an alternator is calculated 
from the following equation: 

Per cent efficiency = — ^ ' — -^- (39} 

output + losses 

17. Parallel operation of alternators. — Parallel o])oratiun of 
alternators is desirable because of the greater cfllciency obtainable 
and the assurance of continuity of service, as explained for contin- 
uous-current generators. 

Alternating-current generators which are to operate in parallel 
should: (a) have equal terminal voltages, (6) have the samo fre- 
quency, (c) attain their maximum positi\e values of electromotive 
force at the same instant, (d) have similar electronuitive-force 
waves. 

If any one of the above conditions docs not exist, a current llmvs 
arvund the local circuit formed by the armatures of the alternators, 
increases their heating, reduces the capacity of the alternators, and 
often causes other disturbances in the system. 
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If the voltages are equal, the frequencies the same, the electro- 
motive-force waves similar, and the maximum positive electromotive 
forces attained at the same instant, the electromotive forces are 
at all times equal and opposed, and current does not flow aroimd 
the local circuit formed by the armatures of the generators. 

If the voltages are unequal, a current, the magnitude of which is 
proportional to the difference of the voltages, flows between the 
alternators. 

i = ^^. (40) 

when Z = the impedance of the local circuit. This equalizing 
current leads the electromotive force of one alternator and lags 

behind that of the other. Fig. 125. Except for 

^1 ^ the resistance loss, this current is wattless and its 

^ effect is to increase the magnetization of one alter- 

FiG. 125. nator and decrease that of the other (Section 9), 

so that the indicated voltage of the system is the mean of the 

voltages of the generators when operated separately. 

If the frequencies are not the same, the instantaneous voltages 
are not equal at all times, and equalizing currents flow between 
the alternators. 

If the electromotive-force waves are not similar, or do not attain 
their maximum at the same instant, the instantaneous values are 
unequal, and equalizing currents flow between the generators as 
described above. If the wave forms differ greatly or the alterna- 
tors are out of phase opposition by more than a few degrees, the 
equalizing currents are usually so large as to operate the protec- 
tive devices (fuses or circuit breakers) which should be placed in 
every circuit. 

Therefore, alternators whose operating characteristics or wave 
forms differ radically should not be connected in parallel, nor is it 
desirable to connect in parallel alternators whose prime movers 
have materially different speed characteristics. 

Synchronizing and division of load. — The process of regulating 
the voltage, the frequency and the phase relation of an alternator 
so that it may be connected in parallel with other alternators, is 
termed "synchronizing." 

The connections between two three-phase alternators and a 
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common load circuit are shown in Fig. 126. If A is carninsr the 
load and it is desired to connect 5 to the system, start B and rciru- 
late its field excitation and the speed of its prime mover until: 

(a) The indication of its voltmeter is equal to or slightly greater 
than the voltage across the bus bars. 
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Fig. 126. Parallel Operation of Alternators. 

(Jti) The lamps connected across the open switch 5 are dark for 
several seconds at a time. 

Close the switch S quickly at a time when the lamps are dark. 

The alternators are now in parallel but A is still suj^plying prac- 
tically all the load current. The division of the load between tw(; 
alternators operating in parallel cannot be adequately exi)lained 
without reference to the principles of the synchronous motor, so 
that only a statement of facts will be attempted here. 

(a^) Changing the field excitation causes a wattless current to 
flow between the armatures without changing, to any appreciable 
extent, the distribution of the load. 

(&') The load distribution on alternators operating in parallel is 
changed (mly by changing the relative torques of the prime movers. 

The lamps in Fig. 126 serve the douljle purpose of indicating 
when the correct phase relations are o1)tained. and of limitinj^ the 
flow of current between the armatures during the synchronizing 
period. With the connections indicated in Fig. 126, all lanii)s are 
either dark or bright at the same instant. It is possible to make 
other lamp connections. When the lamps are arranged in a circle 
and two sets are cross-conneted between lines -1 and B, the light 
api>^ars to travel around the circle, its direction of aj)i)arent rota- 
tion depending on whether the speed of the incoming machine is 
too fast or too slow. 

Because synchronizing lamps give only an approximate indication 
of the time when the switch should be closed, the lamps being dark 
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even when a considerable difference of potential exists between 
their terminals, mechanical devices known as "synchroscopes" or 
"synchronism indicators" have been devised and are in extensive 
use.* 

18. Ratings. — Alternators are rated in kilovolt-amperes (kv-a.) 
rather than in kilowatts, because the power output of a given alter- 
nator is dependent on the power factor of the load circuit; the maxi- 




POWER FACTOR 

■5 Showing the Relation between Kilowatts Kilovolt-amperes and 
r, thi; Voltage and the Armature Current of the Alternator Kemain- 



mum load, for the allowable temperature rise, is a function of the 
armaluFL' current. The kilowatt output of a generator may vary 
ovL-r wide limits, by a variation of the power factor of the load 
circuit, the current output remaining constant. Fig. 127. 

The output of an alternator is limited by the allowable heating 
of the armature, and by saturation in the iron parts of the mag< 
netic circuit. Alternators have no commutators, and are not 
troubled with sparking. 

CHAPTER VIII — PROBLEMS 
I. The armature winding of a single-phase alternator consists of 1764 con- 
ductors (series) w hich are distributed uniformly over the entire annature surface, 
and in each of which an average electromotive force of 2 volts is induced. There 
are six slots per pole. Find: {a) the terminal voltage of the alternator at zero 
load, (t) the maximum value of armature magnetization (in effective ampere- 
■ See Chapter 17, Section 9. 
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turns) when the current output of the generator is 100 amperes, (c) the mag- 
netizing and the distorting components of armature reaction when: (i) the 
current and the electromotive force are in phase, (2) the current lags 10 degrees 
behind the electromotive force, (3) the current leads the electromotive force 
by 15 degrees. 

2. Same as Problem i except the armature conductors arc distributed over 
] of the armature surface. 

3. Same as Problem i except the armature conductors are star-connected, 
and the current in each line is 100 amperes (3-phase). 

4. Same as Problem 3 except the armature conductors are delta-connected 
(3-phase). 

5. A test on a 2300-volt, 230-kv. a., single-phase alternator gave the follow- 
ing: 

On Open Circuit 



Field current 


Tenninal voltage 


10 


500 


20 


1000 


30 


1500 


40 


1950 


SO 


2250 


60 


2500 


70 


2650 



On Short Circuit 



Field current 


i 
Armature current i 

1 


6.25 
12.50 

18.7s 
25.00 


25 1 

so 1 

75 1 

100 i 



Kesistance of armature = 2 ohms. 

Plot the saturation curve and the short-circuit curve, and calculate, by the 
electromotive force method, the percentage regulation of the alternator at : (a) 
unity power factor, (b) 85 per cent power factor lagging, (r) 85 per cent power 
factor leading. 

6, Same as Problem 5 except regulation percentages are to be calculated by 
the magnetomotive force method. 

7, Same as Problem 5 except regulation percentages are to be calculated 
by the A.I.E.E. method. 

g. Using the graphical method outlined in Section 12, determine the terminal 
voltages of the alternator in Problem 5 when the power factor of the load circuit 
is unity, and the following currents flow in the armature winding: o, 25, 50, 75, 
J 25 150 amperes. Plot the voltage characteristic. 

g. Same as Problem 8 except the power factor of the load circuit is 85 per 
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10. Same as Problem 8 except the power factor of the load drciiit is 85 per 
cent leading. 

11. A test of a 6600-volt, looo-kv.-a. 3-phase, star-connected alternator gave 
the following: 

On Open Circuit 



Field ampere- 
turns 


Phase voltage 


2, OCX) 


1071 


4,000 


2175 


6,000 


2990 


8,000 


3392 


10,000 


3534 


12,000 


3841 


14,000 


3979 


16,000 


4082 


18,000 


4163 


20,000 


4225 


22,OCO 


4280 


24,000 


4330 



An excitation of 4310 ampere-turns is required when full-load (rated) current 
flows in the short-circuited armature windings. 

Armature resistance (measured line to neutral) ■« i ohm. 

Plot the magnetization curve. 

Calculate the percentage regulation at unity power factor by: (a) the electro- 
motive force method, {b) the magnetomotive force method, (r) A.I.E.E. method. 

1 2. Same as Problem 1 1 except the power factor of the load circuit is 90 per 
cent lagging. 

13. Same as Problem 1 1 except the power factor of the load circuit is 90 per 
cent leading. 




CHAPTER DC 

THE SYNCHRONOUS MOTOR 

Structure. — Slnicturally, the sjTiclironous motor is identical 
rith the alternating-current generator, and the same machine may 
)€ U5<nj as a gCDerator or as a motor. 





^E Principles of operatioo. — From the fundamenta] principles 
tiplained in Chapter 2. it is evident that a conductor carrying an 
il tfT Ttating current may be made to nKr\'c continuously in one 



(b] Rotor frieWj. 
Tbe S>'nch[niious MoUir. (WeaioKbinue.} 
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direction if the direction of the flux through which it moves is r-^s- 
veracd at the same instant that the direction of the current in tt^« 
conductor is reversed. 

Consider the looped conductor in Fig. izg. When the currermt 
is flowing away from the observer in the part under the north pol^, 
— - and towards the observer in the part 
under the south pole, the direction of 
motion b, from Fleming's left-hand miff* 
as indicated by the arrow. This direc- 
tion of motion is made continuous ^b>^ 
reversing the direction of the current il» 
the loop when the plane of the loop is itt- 
■ '^'' the vertical position, i.e., the number of 

revolutions per second made by the loop must be equal to the fre- 
quency of the alternating current, and the change in the direction of 
the current must be made when the conductors are approximately I 
midway of the arc between the poles. Under these conditions, the J 
relations between the field flux and the current in the moving con- p 
ductor are fixed, and the torque is exerted in one direction only. 
Therefore, if the frequencj' of the supply circuit is constant, the 
speed of a synchronous motor is constant, but the motor is not 
self-starting. 

J. Torque-load adjustment. — It is an easily demonstrated 
experimental fact that when the driving torque of an alternating- 
current generator, operating in parallel with other generators, b 
reduced to zero, its moving parts continue to rotate at the same 
speed, and that the direction of the current in the armature windings 
is reversed. When the load on a continuous -current shunt motor 
increases, the speed of the armature decreases until the counter- 
electromotive force is reduced to such a value that the currenl 
necessary to produce the required torque flows in the armature 
circuit. Since the speed of a synchronous motor is fixed by the 
frequency of the system to which it is connected, the increased. 
armature current (torque) must be produced by other means. 

A synchronous motor, like a continuous-current motor, generates 
a counter-electromotive force which is proportional to the speed, 
and is dependent on the field excitation. The current in the ai 
ture of a synchronous motor may, then, be changed by changii 
the field excitation, but it would be practically impossible to opci 
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ate. commercially, a motor the field current of nliiih mu>t \ary 
■ith liie load. Consider the conditions when the niuntor-rU'clro- 
Bolive force of the motor is wiuiil to the apj)lie<l elect rumntive 
force. ,Ai ionft as the phase difference of these e(|ual eleitni- 
noEJve forces is iSo degrees, no current flows in the arniiiture ff 
the motor, and no torque is developed in it. Consequently, the 

rolaiing parts tend to . 

stop, and the angle of 
phase (iifference becomes 
greater than iSo degrees. 
Let the phase rela- 
tions of the two equal 
eleciromotive forces be 
as indicated in Fig, i^to. 
A current proportional 
lo the resultant elec- 
tromotive force E, flows ' 
in the armature of the 
motor, and the angle between the resultant elect mnioiivL- f()n:e 

the current is /3, the tangent of which is equal to ' ' ■ 




when A*,, = the synchronous reactance nf the armature ci 
Rj = the resistance of the armature circuil. 

Since R„ is always small as compared to .V . the aiiylc .1 
greater than 80 degrees but can never equal ()0 (le,i;rci-^. 
The input to the motor under the alxne lundilinn^ is 
P = E! cos *. 



(•■ 



If the load increases, the angle between ihe applied and llie iminler- 
electromotive forces will, evidently, increase until i-qnililiriuni is 
reestablished, i.e.. with constant li.dd excitalimi. the torque nf a 
synchronous motor is dependent on the ]iha>e rel:ilioTi> of liie ap- 
plied and the counter-electromotive forces, and the angle between 
them is automatically adjusted as the load (hango. 

4. Starting. — A ryTichronous motor is not srli'-slarting ln'cause 
the ix'riodical reversal of the direction of the current in the station- 
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ary armature conductors produces a torque which periodically 
reverses, and tends to produce rotation of the field structure first 
in one direction, then in the other. The commercial methods of 
starting a synchronous motor are: (a) by means of an auxiliary 
motor, (b) as an induction motor. 

(a) By an auxiliary motor, — The starting motor is a small 
motor, cither shunt or induction, direct-connected or belted to 
the shaft of the synchronous machine. When a synchronous 
motor is started in this way, it is a generator and must be syn- 
chronized * before it is connected to the supply circuit. After the 
synchronous motor armature is connected to the alternating-cur- 
rent supply circuit, the circuit of the starting motor is opened. In 
case the synchronous machine is provided with a separate exciter 
and a source of continuous current is available, the exciter may 
be used as a starting motor. An induction motor is, however, 
more often used. 

This method requires the use of synchronizing apparatus and 
the installation of a starting motor, but causes minimum distur- 
bance in the alternating-current system during the starting 
period. 

{h) As an induction motor.] — If the. field circuit of a sjTichro- 
nous motor is opened and an alternating current supplied to the 
armature, the changing magnetism set up by the armature currents 
induces currents in the field pole shoes. These currents, reacting 
with the magnetism set up by the armature winding, produce a 
small torque, if the motor is poKphase, and the unloaded motor 
starts without the use of auxiliary devices. WTien the motor 
attains approximately synchronous speed, which is indicated by 
a violent swinging of the pointer of an ammeter connected in 
the alternating-current supply line, the field circuit is closed and 
the motor pulls into step with the supply circuit. 

The starting torque of a synchronous motor, when started in 
this way, is increased by means of a *^ squirrel cage" field structure 
similar to that shown in Fig. 128b. This construction also tends to 
prevent *' hunting," as explained in Section 8. 

* Sec C'hapUT 8, Section 17. 

t This method of slartiiig a synchronous motor dejpendl on the fundamental prin- 
ciples underlying the action of the induction motor, and will not be understood until 
those principles ha\c been studied. The statements made here are to be taken simply 
as a mechanical process by which the synchronous motor may be sta;rted. 
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Because of the low power factor and the large current required 
daring the starting period, this method of starting may cause un- 
desirable disturbances in the system from which it is supplied. 
These disturbances are particularly objectionable when a single 
motor forms a considerable portion of the total load on the supply 
system and is stopped and started frequently, or when motors are 
operated in parallel with incandescent lamps. 

5. Stability. — An engine or motor is in stable equilibrimn as 
kmg as an increased load automatically produces a corresponding 
intake of power. As noted in Section 3, an increased load on a 
synchronous motor causes the angle between the applied and the 
counter-electromotive forces to increase. Assuming the applied 





(a> 



( b) 




CW ^ 




\ 



CO 



id) 



Fig. 131. 



voltage to be constant, the operation of the motor is stable as long 
as the product of the current and the power factor increases; but 
it is evident that, as the angle between the two electromotive 
forces increases, a point is finally reached where the power factor 
decreases faster than the current increases. Beyond this point the 
motor is in imstable equilibrium, drops out of step, and stops. 

The above statement is illustrated by Fig. 131, in which OA is 
the vector of applied electromotive force, and OB the vector of 
counter-electromotive force. OC is the vector of the resultant elec- 
tromotive force, and OD the vector of current flowing in the arma- 
ture circuit. The impedance of the circuit is approximately con- 



I 
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stant, and OD is proportional to OC. The power input to the 
motor is proportional to the projection of the current vector on 
the vector of applied electromotive force, i.e., to the product of 
the current vector and the cosine of angle AOD. 

For the relation of the vectors shown in Fig. 131a, the power In- 
put to the motor is proportional to OE. As the load on the motor 
increases, the angle 6 increases until the vector of the counter- 
electromotive force reaches the position indicated in Fig. 131c. 
If the angle 6 increases still further, the projection OE decreases 
and the power input to the motor decreases correspondingly, as 
indicated in Fig. i3id. 

Therefore, if a sjTichronous motor is loaded beyond a certain 
point, it cannot develop sufficient torque to carry the load, and will 
stop. In the commercial motor, the armature current usually be- 
comes excessive and overheats the motor before it reaches the 
point of instability. 

6. Maximum load. — That the maximum intake of a synchro- 
nous motor for any given counter-electromotive force (field ex- 
citation) occurs when 6 — = 180 degrees is evident from the 
following considerations: Referring to Fig. 131c let 

fl - ^ - i8o^ (3) ^ 

If the angle 8 is either increased or decreased, both the projection ■ 
of the current vector on the vector of the electromotive force and I 
the input to the motor are decreased. 

7. Efficiency. — The efficiency of a synchronous motor is deter- 
mined: (a) by a brake test, (b) from the losses. 

(a) Brake lest. — Measure the input and the output, and compute 
the efficiency from the equation 

Per cent efficiency = — ^. — • (41 

(b) From the losses. — The losses in a synchronous motor are the 
same as those of an alternating-current generator and are deter- 
mined in the same way.* 

8. Hunting. — The phenomenon known as " hunting " in a J 
sjTichronous motor, or a rotary converter, consists of a periodical ] 

• See Chapter 8, Section is- 
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variation of the speed of the rotatmg parts, the speed being alter- 
natdy too fast or too slow, and is indicated by the swinging of 
the ammeter pointer, and by a humming noise peculiar to this 
condition. 

Hunting may be caused by: (a) a sudden change in the load, (b) 
irregularities in the speed of the prime mover driving the generator 
feom which the motor is supplied, (c) faulty design of the motor. 
The inertia of the rotating parts of the motor tends to damp out 
any oscillations that may be set up, the addition of a hea\y fly- 
wheel adding to this damping effect. Hunting is often guarded 
against, in the design of a synchronous motor, by wedging bars of 
copper between the tips of the pole shoes, or by a "squirrel cage'' 
stnicture similar to that shown in Fig. 128. 
As long as the angular velocity of the rotating parts of the motor 
is constant, the copp>er bars have no effect, but when hunting 
takes place the oscillatory motion causes a relative movement of 
the bars and the flux set up by the armature winding. This move- 
ment induces an electromotive force, and currents flow in the bars. 
The reaction between the currents in the bars and the flux set 
up by the armatiu'e winding tends to damp out the oscillations, 
hence the name "magnetic dampers" which is sometimes applied to 
this construction.* 

9. Phase characteristic. — The phase characteristic, commonly 
called V-curve, of a synchronous motor shows the relations between 
the armature current and the field excitation, the load remaining 
constant. Referring to Fig. 132, let 

OA be the vector of the applied electromotive force, 
OB be the vector of the counter-electromotive force, 
OC be the vector of the resultant electromotive force, 
OD be the vector of the armature current, 
/S be the angle between the current and the resultant electromo- 
tive force, 
^ be the power factor angle, 

/ cos <l> be constant, i.e., the locus of the current vector is a 
straight line perpendicular to the vector of the applied electro- 
motive force. 

* The action of copper bars in the prevention of hunting will be more apparent 
fter the induction motor has been studied. 
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^^H When « = (current and applied electromotive force tj 
^^^ the relations in the circuit are represented m Fig. ij^ 
^^B pp^ * = 30 degrees (lagging), 1 
^^H *|---^,^ — l^^^"~S~-^ *^°"^ ^ ^^^ circuit are rq 

^^ft i "" "l"^'! "^^' i° Fig- ^3^^; »ntl whoi 

^^ („ ! j degrees (leading), the rela 
^^^H 1 1 the circuit are represented 

^^H ""['■■-! ^^"SH« ■^ comparison of the 
^^H i<t,(| ^ electromotive forces in | 
^^H I' 1 * shows that the power faC 
^^^1 ' ''■■f^^2\~^~~-~~~~.^ synchronous motor is d 

^^^P <c>'"c"~ — t^B Q„ jj3 coimter-electromotil 

^^M Fic. 132. ,-g _ on its £gi(i excitatia 
^^H power factor of the motor is, therefore, changed by cbs 
^^K • field excitation. 

^^^1 Fig. 133 shows phase characteristics for different loads. I 
^^M stant load, the power factor of the motor is computed as t$ 


^^ current to the armature 
current at the given or 
required field excitation. 
Because of distortion of ^ 
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Layoff .40 and OD (Fig. 134) proportional to the aj^plicd elec- 
tromotive force, making the angle AOD such that 

/3 = tan-^-|^ (5) 

when Xa = the sjuchronous reactance of the motor armature, 
Ra = the resistance of the motor armature. 

With Z) as a center and a radius proportional to the counter- 
electromotive force at any given or required held cAtitalii>n, draw 
a semicircle. The semicircle is the locus 
of the current vector O/, and the react- ? '""'►^c/;/^^' 



ance drop OC, the resistance drop BC\ / L . 
and the counter electromotive force AB c4*l>'' 



D 




\ niav be drawn in their correct phase rela- nomwao w-wro'o 

' lions and magnitudes as indicated in the j,,^.^ ^.^ circle Di.i.r.nn. 
figure. 

II. The synchronous phase-modifier. --As shown in li;:. i.^.x-. 
asynchronous motor, when over excited, takes a leadinj; current 
from the supply system. The wattless component of a lea»!ing 
current opposes and neutralizes an equal wattless component in a 
transmission line or a distributing system * due to a paniilel iiulne- 
tive load such as an induction motor. When used for tlie puriM»se 
of improving the power factor of a circuit, a synchrtMinus n^aor is 
termed a ** synchronous phase-modilicr, '■ although il may deliver 
mechanical power at the same time. 

Example. — Two loo-h.p., 440- volt induction motors operate 
at 85 per cent power factor and 87 per cent effu ienc\. lint! the 
sax-ing in transmission line copper when one of (hi- indui tion mo- 
tors \& replaced by a synchronous motor, the elfu iency of which is 
85 per cent when over excited so as to compensate for the laj^^ing 
current of the other induction motor. Also lind the rated output 
of the synchronous motor, and its power factor. 

Solution.^ 

J _ 20 X 746 

0.85 X 0.87 X 440 
= 465 amperes for two induction motors, 

* See Chapter i, Section 38. 
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/ ^ 100 X 746 ■ 100 X 746 
0.87 X 440 0.85 X 440 
= 194 + 199 

= 393 amp>eres for one induction motor 
and one synchronous motor, 

2?' (465)^ = R" (393)' 
2?' = 0.72 2?", 

i.e., the weight of copper is approximately 40 per cent greater for 
two induction motors than for one induction motor and one syn- 
chronous motor. 

P.F. of sjTichronous motor = ^ 

V(i99)« + (233 X 0.52)2 

234 
= 0.85. 

Rating of s>Tichronous motor = — — 

0.85 

= 119 h.p. (use 125 h.p.). 

12. Load division of alternators in parallel. — Let A and B be 

two similar alternating-current generators operating in jxirallel, 
the field excitation, terminal voltage and armature current being 
the same in each machine. 

If the power input to the prime mover driving alternator B is 
reduced, the load on the alternator tends to stop its rotating parts, 
the angle between tlie electromotive forces becomes greater than 
180 degrees, and a current flows between the armatures, i.e., alter- 
nator B acts simultancx)usly as an alternating-current generator 
and as a synchronous motor, the current for its motor action being 
received from alternator A. Therefore, the load division of alter- 
nating-current generators operating in parallel is changed by chang- 
ing the p(^wer input to their prime movers. 

Since the input to a prime mover, e.g., a steam engine, is constant 
at a given speed, changing the field excitation of alternator B does 
not change its output, although it causes a current to flow between 
the armatures. Since the resultant electromotive force is in phase 
with that induced in alternator A and the angle /3 is nearly 90 de- 
grees, it is evident that this current is wattless except for the small 
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power component due to the resistance of the circuit, that it leads 
the electromotive force of alternator B and lags behind the electro- 
motive force of alternator A. This quadrature current can pro- 
duce no torque in either machine and the load distribution of 
alternators operating in parallel is, therefore, not disturbed by a 
change in field excitation. 

Since the current flowing between the armatures leads the elec- 
tromotive force of alternator B and lags behind the electromotive 
force of alternator A, its effect is to equalize the voltages induced 
in the armatures by reducing the flux set up by one field winding 
ind increasing that set up by the other. 



CHAPTER IX — PROBLEMS 

1. Show, by means of the circle diagram, that the power factor of a synchro- 
nous motor is changed by changing its field excitation, the load remaining 
constant. 

2. The synchronous impedance of an alternator is 1.5 ohms. When oper- 
ated as a s>Tichronoiis motor from 2 20- volt mains and without load, the arma- 
ture current is 10 amperes, and the power factor is 0.866 leading. The angle 
^ s= 85 degrees. Find the counter-electromotive force of the motor. 

3. Find the counter-electromotive force of the motor in Problem 2 when it 
power factor is imity. 

4. Find the power factor of the motor in Problem 2 when the applied volt- 
age is reduced 10 per cent. 

5. Calculate the armature resistance of the motor in Problem 2. 

6. Draw the vector diagram for the three-phase alternator of Problem ir, 
Chapters, when operated as a motor at unity power factor, and rated armature 
current. 

7. From the diagram obtained in Problem 6, calculate the torque developed 
in the armature. 

8. \ 3-phase, 2300-volt, 500-kv-a. synchronous motor is overexcited so 
tliat its power factor is 0.6 leading. Calculate the capacitance to which it 
B equivalent when operated from 60-cycle mains, and full -load (rated) current 
flows in the armature circuit. 

9- A 3-phase, 2200-volt induction motor having a lagging power factor of 
O'^S takes 100 amperes (line), and is connected in parallel with an over- 
rated synchronous motor. When the power factor of the system is unity the 
Qirrent (line) supplied to the synchronous motor =125 amperes. Find: (a) 
the power factor of the synchronous motor, (h) the line current, (c) the input 
(watts) to each motor. Draw a diagram representing the electromotive force 
aod the currents in the system. 
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10. Plot the circle diagram for the alternator in Problem ii, Chapter 8^ 
when operated as a synchronous motor, and from this diagram construct thm 
phase characteristic (V-curve) for an input of: (a) 500 kw., {b) 100 kw. 

11. Same as Problem lo except the resistance of the armature is 2 ohms. 

12. Same as Problem 10 except the resistance of the armature is 0.5 ohm. 

13. The alternator in Problem 2 is used as a phase modifier. The armature 
current is 100 amperes and the power factor o.i. Find: (a) the power inp'jK 
to the armature, (6) the wattless component of lagging current that it will 
neutralize. 

14. The alternator in Problem 2 is driven as a synchronous motor from 220 
volt mains. The coimter-dectromotive force is 220 volts. Find: (a) the cur- 
rent input to the motor at no load, (b) the power factor at which the motor 
operates, (f ) the phase angle between the applied and the counter-electromotive 
forces. 



CHAPTER X 

CUSRENT-RECriFyiNG APPARATUS 

Since electrical energy is most economically and satisfactorily 
tiansmitted by means of alternating airrents, and many conmiercial 
qiplkadoDs require unidirectional currents, it is necessar}' to pro- 
vide means for the rectification or conversion of alternating cur- 
Rnts. Alternating currents may be made unidirectional by: (j) a 
medianically-driven commutator, (b) a motor-generator, {c) the 
mercury arc rectifier, (i) the synchronous converter. 

(a) The Commutator 

I. A commutator driven by a small sjuchronous motor would 
q))ear to be a cheap and an efficient means for the rectification of 
tltcmating currents. This method is, however, of little commercial 
importance because of its limited capacity, excessive sparking, with 
a consequent destruction of the commutator, taking place whenever 
other the current or the electromotive force increases above very 
Imited values. 

(6) The Motor-Generator 

2. The motor-generator consists of a motor, either synchronous 

or induction, which drives a continuous-current generator. The 

apparatus differs in no way from that described elsewhere in this 

volume. Motor-generators are in extensive use where a wide 

variation of the continuous voltage is required. Because it con- 

v&Xs of two machines, the first cost of a motor-generator is high, 

and the operating efficiency low. 

(c) The Mercury Arc Rectifier 

3. Construction. — The mercury arc rectifier consists of a highly 

ohausted glass tube having two or more iron or graphite terminals 

to which the alternating-current supply circuit is connected, and a 

mercury terminal to which the load circuit is connected. Fig. 135. 
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It is also provided with an auxiliary mercury terminal which b 
used for starting purposes only. The circuits for a single-phase . 
rectifier arc shown in Fig. 136a, and those for , 
a three-phase rectifier in Fig. 136b- 

The mercury arc rectifier depends, for 'as 
operation, on the fact that an electric current 
may flow from iron or graphite terminals to 
mercury, but may not flow in the reverse direc- 
tion. The flow of current in the rectifier circuit 
is similar to that of water in the hydraulic sys- 
tem shown in Fig. 137, where check \'alves VY ^ 
Fig. 13s. Mercury Arc permit water to flow only in the direction indi- 
RectifierTubu. Weal- cated by the arrows. In the single-phase rec- i 
tifier, current flows from terminal ^ to the I 
mercury during one-half cycle, and from terminal B to the mercury I 
during the other half cycle. The current in the load circuit i! 
therefore, a unidirectional (pulsating) current. 






Hydraulic .^oulnjcy lor K 
cury Arc Rectifier. 

4. Starting. — -The mercury arc rectifier catmot be started simplj 
by connecting the iron, or graphite, terminals to an alternating 
current supply circuit, because of the high initial resistance of th| 
tube. The auxiliary mercury terminal is, therefore, necessary t 
break down this high resistance. When the starting switch 1 
closed, and the bulb tilted slightly so that the mercury tennioal 
are connected by the liquid mercury in the tube, an electric curre^ 
flows through the mercury and fills the tube with vapor. 11 
mercury vapor reduces the resistance of the main circuit so thl 
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current may flow between the iron terminals and the mercury. 
The tube may now be allowed to return to its normal position and 
the starting switch opened, the load circuit having been closed 
through a suitable resistance, since the arc will "break" and the 
rectifier cease to operate if the current falb below a certain min- 
imum value. 

5. Operation. — Because the arc " breaks " when the load 
current falls below a certain minimum value, which varies from 
two to four amperes, an inductance must be placed in the load 
drcuit so that the decay of the current established during one- 
Iialf cycle is delayed until that from the other half cycle can be 
established * making the form of 
the wave as shown in Fig. 13S. 
Without this inductance, which may 
be the secondary of the transformer 

suppKing the rectifier, the current 

decreases to zero at the end of each 

half cycle and the operation of the 

arc is interrupted. Because of the 

)\-erlapping of the waves in the dif- 

erent phases of a polyphase system, no inductance is required in 

he load circuit of a rectifier using polyphase currents. 
The voltage E^c of the load circuit bears a constant ratio to the 

'oltage Ear of the supply circuit. 




E,. 



Va 



-k. 



(0 



.-hCTi k is the counter-electromotive force of the tube which varies, 
a different tubes, from thirteen to fifteen volts. 

Because of the high temperatures at which they operate, the 
ubes of commercial rectifiers are usually immersed in oil for the 
tetter dissipation of the heat. 

The mercury arc rectifier delivers constant electromotive force 
X constant current, as the transformer T is constant potential or 
:iMi5tant current. 

6. Efficiency. — From equation (1), it is evident that from 

jurteen to fifteen volts are lost in the rectifier tube, whatever 

be applied voltage may be. Therefore, the efficiency is greater 

* Thii itatement ^plies to single-phase rectifiers only. 
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at high voltages than at low, but is constant at all loads, j^ 
voltages, such as are commonly used for motors, the efficiem 
mercury arc rectifiers do not compare favorably with oti 
of rectifying apparatus. 

7. Limitations and use. — Because of its low efficia 
voltages commonly used for continuous-current apparatus,'1 
poor power factor, the use of the mercury arc rectifier is resti 
at the present time, to special purposes. It is largely usi 
supplying unidirectional current to arc lamp systems whei 
high voltage and the small current required make it verj- 
factory when operated in connection with constant-current 
formers. It is also used, in small units, for chargingj 
batteries. I 

(d) Tlie Synchronous Converter 

8. Constructioii. — The synchronous, or rotarj', convertei 
not differ essentially from a shunt or compound (continuou 
rent) dynamo with the addition of symmetrical connections 

the armature winding to two or 

^^^^^^ continuous rings mounted on the 

^^^^^^^ ture shaft in the same mann 

; ^^H^^HK ^^^ ^^ alternating- cur rent gem 

^iJl^^^^^^H^E^^g with rotating armature. Fig. 

IK^^^^^^^^V Practically, the converter whicl 

^^^^^^^V more than two rings dilTers froi 

^^^^^^r continuous - current machine 

same rating b)' ha\'ing a much 

commutator, and smaller 

field poles. 

9. Operation. — A synchronous converter may be oper^ 
(a) A continuous-current motor. 
(6) A continuous-current generator, 
(e) A synchronous motor. 

(d) An alternating-current generator. 

(e) A double-current generator, i.e., simultaneously as a o 
uous-current generator and an alternating-current generator 

(/) A converter, i.e., simultaneously as a synchronous 
and a continuous-current generator. When so operated, the 
ture must rotate at synchronous speed, and the speed of 



c. ijg. Sjnchronous Converter 
Armature. W'cstinghouse. 
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converter is determined by the frequency of the supply circuit. 
The converter exhibits the same phase characteristic, power factor 
and line-current changing with the field excitation, as the s>'nchro- 
Dous motor. 

ig) An inverted converter, i.e., simultaneously as a continuous 
current motor and an alternating-current generator. When so 
q)erated, the speed and, consequently, the frequency of the alter- 
nating current, varies with the field excitation, unless operated in 
parallel with other synchronous apparatus which controls the fre- 
tpsacy of the circuit. Since the armature reaction of an alternat- 
ing-current generator, the load circuit of which is inductive, tends 
to demagnetize the field, the speed of an inverted synchronous con- 
verter suppljdng such a circuit may become excessive, and means 
should be pro\ided for preventing these high speeds which may 
wreck the machine. Two methods are employed to limit the 
^)eed of an inverted converter to safe values: (i) separate excita- 
tion, (2) speed-limit switches. 

(i) Separate excitation. — If an inverted converter, instead 
0/ being excited from the supply mains, has its field windings 
supplied from a separate exciter direct connected, or belted, to 
the armature shaft, an increase or decrease in the speed of 
the armature causes a corresponding increase or decrease in 
the excitation of the converter, and tends to keep the speed 
constant. 

■ 

(2) Speed-limit switches. — A speed-limit switch is attached to the 
shaft of the converter, and operates circuit breakers in the con- 
tinuous-current supply mains when the speed reaches a prede- 
termined value, thus stopping the machine. 

10. Voltage relations. — The voltage between the brushes of a 
rontinuous-current generator is the algebraic sum (constant) of the 
nstantaneous electromotive forces induced in the different coils con- 
lected in series between the brushes; the maximum alternating 
'oltage induced in the same coils is ecjual to the geometric sum 
f the maximum electromotive forces induced in the separate 
oils. But the geometric sum of the maximum alternating-electro- 
lotive forces induced in the distributed windings of a synchronous 
onverter, between adjacent continuous-current brushes, is the alge- 
rate sum of the instantaneous electromotive forces. Therefore, 
be continuous voltage of a synchronous converter is equal to the 



i66 



ESSENTIALS OF ELECTRICAL ENGINEERING 




maximum alternating-electromotive force induced in the coils con- 
nected in series between adjacent continuous-current brushes. | 
Let an armature have tweNe j 
coib syn-. metrically placed, as indi- i 
cated in Fig. 140. The maximum j 
alternating electromotive ioias 
induced in the coils, and thdr - 
phase relations, are represented by,^ 
a twelve-sided polygon, and the" 
maximum alternating voltage b^ 
tween continuous-current brushes 
is equal to the geometric sum oi J 
the maximum electromotive forca 9 
induced in any six coils, i.e., toy 
the diameter of the circumscribed circle. Fig. 14 1 . The sum of the g 
instantaneous electromotive forces induced in the coils between! 
continuous-current brushes is also the diameter of the circumscribed I 
circle. If the armature winding is connected to two rings, the man- 1 
mum alternating voltage between rings is equal to the voltage bfr 1 
twccn the continuous-current brushes, 
ami the elTective alternating voltage is 
equal to the continuous voltage divided 
by the square root of 2. Fig. 141. 

(£..)". = £" (2) 

E.. = -^:^ ■ (3) 



Simihirly, if the armature is provided 
with three rings, the maximum alternating voltage between rings is 
the geometric sum of the maximum voltages induced in four coils, or 
the side of the inscribed triangle; if four rings, the geometric sum of 
the maximum voltages induced in three coils, or the side of the in- 
scribed square; if six rings, the geometric sum of the maximum 
voltages induced in two coils, or the side of the inscribed hexagon. 

Therefore, the effective alternating voltage between adjacent 

rings of an H-ring synchronous converter required to give a sped- 

fiod continuous voltage Ecc is 

„ . 180° 
Etc sm 
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It will be remembered that the phase voltage of a four-ring (two- 
phase) converter is the voltage between alternate rings. Hence, 
the phase voltage of a four-ring converter is equal to the phase 
voltage of a two-ring converter, the continuous voltage remaining 
constant. 

TABLE IV 



£m for a 2-ring converter 

3- 
4- 
6- 



0.707 times the continuous voltage 

0.612 

0.500 

o 354 



From the above considerations it is evident that the ratio be- 
twcn the alternating and the continuous voltages of a synchronous 
converter is fixed, i.e., the voltage at the continuous-current brushes 
can be changed only by changing the voltage between the alter- 

itmg-current rings. The theoretical ratios developed above are 
^obtained, within very narrow limits, in the commercial converter, 
i The practical considerations which affect the ratios are: (i) the 
Rsistance of the armature windings, (2) the shape of the alternat- 
ing electromotive-force wave. 

(i) Armature resistance. — The theoretical ratios of voltages 
pvcn above are changed by virtue of the resistance of the armature 
[findings but this resistance is always small, and the ratios are never 
•criously affected. 

(2) Wave shape. — When the electromotive force wave is not 
kinnonic, the effective value is not equal to the maximum 
divided by the square root of 2. For example, for a flat- topped 
»ave the effective value is greater than for a sine wave having 
the same maximum, while for a peaked wave, the effective value is 
Ifis. In a well-designed converter, the wave shape is not seriously 
&torted. 

II. Current ratios. — The ratio of the current in the altemating- 
cnrrent circuit to that in the continuous-current circuit of a con- 
verter is easily calculated when the losses in the converter are 
neglected, i.e., when the output is considered equal to the input. 

In an »-ring two-p>ole armature, the alternating voltage between 
the neutral and any ring is 

^" (5) 



£a: = 



y/: 
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and 5L-^c ^ ^j^ (gj 

2 V 2 

when the power factor of the converter is unity. Therefore, the 
Une current 

/« = -~^'' (7) 

n 

and the current in the armature conductors 



^-^ " . i8o^ ^*^ - 

«sm 

n 

12. Starting. — The preferable way to start a synchronous c<m- 
verter is as a continuous-current motor, or by means of a smaD 
starting motor, after which the alternating-current end is synchro- 
nized * with the system from which the converter is to be supplied. 
When no continuous-current energy is available, the converter maf 
be started as an induction motor, as described for the synchrcHKWS 
motor.t The same disturbances are caused in the alternating-cur- 
rent system as with the synchronous motor, and the polarity of the 
continuous-current brushes fnust be determined before connection is 
made to a storage batter>% or other apjxiratus through which the 
current flows in a given direction. The polarity of the continuous- 
current brushes is fixed by the last pulsation of the alternating cur- 
rent as the armature pulls into step with the supply circuit. 

13. Compounding. — Since an increased field excitation of 
a converter, as of a sviichronous motor, is neutralized by an 
increased wattless comf)onent of armature current, compounding 
of a s\Tichronous converter is not p)ossible, in the sense that the term 
is used in connection with continuous-current dynamos. The only 
way to increase the continuous voltage of a converter is to increase 
the alternating voltage applied at the rings. A series or com- 
pound field winding may be made to increase the continuous 
voltage, provided the alternating-supply circuit is inductive. 

If the alternating-current circuit supplying a converter is 
inductive, the inductive drop in the line makes the voltage at the 
rings less than it would be if the circuit were non-inductive. 



* See Chapter 8, Section 17. 
t See Chapter 9, Section 4. 
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rhen a synchronous motor is over excited, a leading current flows 
i the alternating-current system,* and the circuit is equivalent to 
series circuit containing resistance, inductance and capacitance. 
the inductive line drop is thus neutralized, partially or completely, 
md the voltage at^the rings of a converter, and consequently, the 
rontinuous voltage, is increased. Because its average power factor 
is inherently low, the operation of a compound-wound converter is 
unsatisfactory. 

14. The regulating (or split) pole converter. — For automati- 
cally increasing the continuous-voltage as the load on the con- 
verter increases, the regulating pole (the so-called '* split" pole) 
converter has been designed. In this type of converter, the field 
pole is divided into two parts, each part has its own winding, and 
may be excited to any required degree independently of the other 
part If the regulating pole is unexcited, the converter operates in 
the usual manner and the continuous voltage of a two-ring con- 
Wrter is equal to the maximum in- 
dnced alternating-electromotive force. 
Let Fig. 142 represent a two-ring 
converter having two sets of field 
poles, the smaller (regulating) poles 
hang placed midway between the 
larger (main) poles. When the con- 
voter is in operation, the maximum 
cmmter-electromotive force (OA, Fig. 
143a) mduced in the armature wind- 
iigs is equal, neglecting resistance drop, to the maximum applied 
dectromotive force. But the counter-electromotive force is the 
esultant of two quadrature electromotive forces, as shown in Fig. 




Fig. 142. The Regulating Pole 
Converter. 




ca> 




(b> 



Fig. 143. 



1,3a, one induced in the vidnding as it passes under the main poles, 
le other induced in the winding as it passes under the regulating 
>les, ue., this construction is electrically equivalent to two arma- 

* See Chapter 9, Section 9. 



I70 ESSENTIALS OF ELECTRICAL ENGINEERING 

ture windings in series, the induced electromotive forces in whicli 
are 90 degrees out of phase. 

The continuous voltage of a synchronous converter is the alge^ 
braic sum of the instantaneous electromotive forces induced in the 
armature conductors connected in series between adjacent brushes 
(Section 10). The sum of the instantaneous electromotive forces 
induced in the armature winding in cutting the flux of the main 
pole is proportional to OB (Fig. 143a), and the sum of the instaur* 
taneous electromotive forces induced in the armature winding in 
cutting the flux of the regulating pole is proportional to OC (Fig- 
143a). If the main and the regulating poles between brushes are 
both north or both south, the continuous voltage is proportional to 
the arithmetical sum of the lines OB and OC; if the main and tb^ 
regulating poles between brushes are not of the same polarity, tb^ 
continuous voltage is proportional to the arithmetical difference of 
the lines OB and OC. 

In practice, the regulating poles are not placed midway between 
the main poles. Under this construction, the phase angle between 
the components of the counter-electromotive force is less than go 
degrees, as shown in Fig. 143b. 

From the above considerations, it is evident that the continuous 
voltage of a regulating pole converter is changed by varying the 
field excitation. Converters of this t}pe are in practical operation 
where the maximum continuous voltage is 150 per cent of the 
minimum value, the alternating voltage remaining constant. 

During the development of the regulating pole converter, fears 
were expressed that its alternating electromotive-force wave would 
be so badly distorted as to make its use undesirable. These fears 
have been proven entirely groundless. 

15. The Booster-Converter. — The booster-converter consists 
of an alternating-current generator and a synchronous converter, 
the armatures of which are connected in series. By means of the 
field rhetostat and a field reversing switch, the alternating voltage 
supplied to the converter armature may be either increased or 
decreased, and the direct voltage varied over a range propor- 
tional to twice the alternating electromotive force induced in the 
generator armature. 

16. Hunting. — A synchronous converter, because of the light 
weight of its rotating parts, is more susceptible to oscillatory dis- 
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tnibances than is a synchioDous motor. The same things tend 
to cause hunting in a omverter as in a motor, and the same 
methods are used to prevent oscillations, or to damp them out when 
ODoe started 

17. EflSdency. — The efficiency of a sNuchronous con\*erter, 
riudi is usually higher than that of either a motor or a generator 
hving the same rating, is easDy determined by loading, since both 
iqnit and ou^ut are electrical quantities which are easily and 
accurately measured. 

The q>proximate efficiency may be calculated from the rating, 
tbe input at no load, measured from either the continuous-current 
or the alternating-current end, and the resistance of the armature 
winding as measured between continuous-current brushes. 

Per cent effidency = ^E + l'+k^I + w' ^^^ 

when E = the rated continuous voltage, 
Eb = brush-contact resistance drop.* 
/ = the continuous-current output for which it is desired 

to calculate the efficiency, 
W = the no-load input, 
Ra = the resistance of the armature winding as measured 

between continuous-current brushes, 
k = the ratio of the copper loss in the armature conductors 
to the armature copper loss when the converter is 
operated as a continuous-current generator with the 
same output (see Section 18). The value of k depends 
on the number of rings with which the converter is 
provided and may be taken from Table V. 

From the above, it is evident that the efHciency of a converter 
iicreases as the number of alternating-current rings is increased. 
Converters having more than six rings are seldom used, because 
the increased efficiency is not sufficient to justify the increased ex- 
pense and complications. 

The values of k given in Table V assume that the converter is 
operated at imity power factor. When the power factor is less 
than unity, the armature copper losses are increased (see Section 
19), and the efficiency is decreased. 

* See Chapter 4, Section 2. 
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TABLE V 


No. rings 


k 


2 


1.39 


3 


0.56 


4 


0.37 


6 


0.36 


8 


0.21 



i8. Annature reaction. — It was shown in (Thapter 4, Section 
that the magnetomotive force set up by the current in the annal 
of a two-pole continuous-current generator is 



M 



NI 

4 

m 

2ir 



av. cos 



J 2 



ampere-turns. 



(K^^ 
(ll)i 



The alternating current flowing in the coils of an i»-ring tw< 
converter, the continuous-current ouQ>ut of which is /, is, fi 

equation (8), 






i 

«sm~ 
n 



(") 



and the ampere-turns per ring are 

NIJ V2 NI 



ar 



2n 



2 »* sm - 
n 



(13) 



Therefore, the maximum magnetomotive force per ring is 



Ml = av. cos 



n 



w^sm- 
n 

NI 
= — ampere-turns. 



(14) 



(15) 



When the current and the electromotive force of an it-ring arma- 
ture are in phase, the armature magnetomotive force is in quadra- 
ture with the field flux,* and is equal to 

* See Chapter 8, Section 9. 
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V/ 

J/, = — ampere- turns,* (16) 

2 T 

I.e., when the continuous-current brushes of a pohphase converter 
are set midway between the pole tips, the armature reaction due 
to the continuous current is equal and opposite to that due to the 
power component of the alternating current. The armature 
reaction in a polyphase converter is, therefore, that due to the 
current required to supply the losses in the converter, and to the 
wattless component of current when the power factor is less than 
unity. 

From equation (15) it is evident that the maximum armature 
magnetomotive force of a two-ringf converter is 

Mi == — ampere- turns, (17) 

$.«., the maximum value of the armature magnetomotive force of 

a two- ring converter, due to the power component of the alternating 

current, is twice that due to the continuous current. The armature 

magnetomotive force of a two-ring converter, therefore, varies 

NI NI 
from + — to , the frequency of the variation being twice 

2t 2t 

that of the alternating-current circuit. J 

The shifting of the armature flux across the pole faces causes 
energy losses (hysteresk and eddy currents), and tends to cause 
sparking at the continuous-current brushes. Therefore, commuta- 
tion in a two-ring converter is inherently poor, and is noi improved 
by an angular advance of the brushes. 

19. Armature heating. — Since a s>Tichronous converter acts 
simultaneously as a continuous-current generator and a synchro- 
nous motor, or as a continuous-current motor and an alternating- 
current generator, the currents actually flowing in the armature 
conductors must be resultants of these two actions. The instan- 
taneous current flowing in an armature coil of a converter is, then, 
the algebraic sum of the constant continuous current and the in- 
stantaneous alternating current. 

* Ex]uation C16) is the resultant of n magnetomotive forces each of which has the 

maximum value — ampere-turos, and having a disi)lacement of ~ degrees in both sj?ace 

Til n 

(dirjcti^n) and Une. 

I The two-ring or single-phase converter has a very limited commercial ai)plication. 
I See Chapter 8, Section 9. 
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Let the position of the armature of a two-ring two-pole conv^ ' 

be such that the angle cat is zero. Fig. 140. Assuming unity pCF 
factor, the current in the alternating-current system is maxin^^^^ 
and its direction of flow opposite to that of the current flow m ^^ 
continuous-current circuit. The current flowing in the armat'^^^ 
windings is, therefore, the algebraic sum of the constant continuC^^^ 
current and the maximum alternating current.' 

When the armature has advanced thirty degrees, the altematLt^ 
current has decreased in value and the continuous current i* 
coils a and g has reversed in direction, the coils having passed to 
the opposite sides of the brushes. The current flowing in coils ^ 
and g is, therefore, the arithmetical sum of the constant continuous 
current and the instantaneous value of the alternating current, and 
is greater than in the other coils. Similarly, when the armature 
has rotated through another thirty* degrees, the direction of the 
continuous current in coils b and h has reversed, and the current in 
coils a, 6, g and h is the arithmetical sum of the constant continuous 
current and the instantaneous alternating current. When the 
atmature has rotated through ninety degrees, the value of the alter- 
nating current is zero and the current flowing in any coil is one-half 
that in the continuous-current (armature) circuit. 

During the next quarter revolution the alternating current 
increases in the opposite direction, and coils 6, /, / and m cdLtry the 
larger instantaneous current values. 

From the above it is evident that: ; 

((?) The armature coils of a two-ring converter are not uniformly \ 
heated. 

{h) The heating decreases as the distance from the point of con- i 
nection to the ring increases. i 

The conditions shown to exist in a two-ring converter may be I 
shown to exist in one having a larger number of rings, an increase \ 
in the number of rings making the heating more nearly uniform 
and decreasing the total quantity of heat liberated in the armature \ 



for a given value of load (continuous) current. 

Taking as the axis the line AB in Fig. 140, the instantaneous 
current in any armature coil of an »-ring two-pole converter is 

2 / cos (o)/ d: a) / , ^. 

' — V (^8) 

wsm- 
n 
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I r* 

av. i^ = - I Pd {(at) (19) 





/^/ 8 _ 16 COS g 

4 in^sin^TT . T 

• - WTSin- 

n n 



+ 1)1, (20) 



when / = the continuous-current output, 

n = the number of rings on the armature, 
a = the angular displacement of the coil from a position 
midway between the connections to two adjacent 
rings. 

But the heating of the coil due to the continuous current alone is 

P 
proportional to — . Therefore, 

P/ 8 16 cos g \ 

4 I 2 • 2^ . TT I (21) 

! nr sm^ - wtt sm - / ^ ^ 

,,_ \ n n / 

4 
8 16 cos a 



n^ sin^ - fiT sin - 
n n 



+ I, (22) 



when k' = the ratio of the average rate at which heat is liberated 
in the coil of an »-ring converter to the rate at which heat is liber- 
ated in the same coil of the armature when operated as a continuous- 
current generator with the same current output. Equation (22) 
is independent of the number of poles for which the armature is 
wound, and is, therefore, applicable to multipolar machines. 

Integrating equation (22) with respect to a from a = o to a = - 

ft 



- fh'dcc 

X./o 



(23) 



8 16 , , . 

--; + i, (24) 



fr sm^ - 
n 



when k is the ratio of the average heat liberated in the armature 
winding of an n-ring converter to the heat liberated in the same 
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armature when used as a continuous-current generator, with the 
same current output. 

20. Converter ratings. — From the above considerations it is 
evident that the current output (rating) of a given armature when 
used as a synchronous converter is to the current output (rating) 
when used as a continuous-current generator as i is to V* 

KW ^KW-^^ (2s) 

Vk 



^KW /-I— -^ + 1, (26) 

V "^"^ « 

when KW = the rating as a continuous-current generator, 
K'W = the rating as a synchronous converter. 

When the power factor of the converter is less than unity, thP-^ 
alternating current is increased for a given continuous-currei^- 
output, the inequality of the heating of the armature is increasec^ 
the heating of the individual armature coils becomes more prc^ 
nounced, and the wattless component of current tends to magnetiz-— 
or to demagnetize the field as the current leads or lags behind th 
electromotive force. 

CHAPTER X — PROBLEMS 

1. The continuous voltage of a synchronous converter is 550. Find ih - 
alternating voltage (neglecting resistance drop) between adjacent rings whe 
the converter is provided with : {a) 2 rings, {h) 3 rings, (c) 4 rings, {d) 6 rings. 

2. Calculate the current in the alternating-current mains when the outpu 
of the converter in Problem i is 1000 amperes, the efficiency 95 per cent an 
the power factor 96 per cent. 

3. The power factor of a 2-ring converter is unity and the continuou 
current output 250 amperes. Determine the maximum (instantaneous) cur"^ 
rent flowing in a conductor: (a) adjacent to the connection from the armatur* 
winding to the ring, {b) mid-way between the connections to the rings. 

4. Same as Problem 3 except the power factor of the alternating-curren-^ 
circuit is 0.866. 

5. The continuous voltage of a 400-kw., 3-ring converter is 600, the r^^ 
sistance of its armature (measured between continuous-current brushes) ^ 
0.027, and the no-load input when operated as a continuous-current motcc:=^ 
without load (at rated speed and normal field excitation) is 12.5 kw. Calculat - 
the efficiencies for 25, 50, 75, 100 and 125 per cent of rated output and plot th -^ 
eflficiency curve (using per cent of rated output as abscissas). 
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6. The converter in Problem 5 is provided with 6 rings. Determine its 
laling, calculate the efficiencies, and plot the efficiency curve as in Problem 5. 
7. A compound-wound 25-cycle, 3-ring converter has an inductance con- 
nected m each alternating-current supply line. When the input to the conver- 
ta IS 100 kw., the power factor of the converter is imity and the voltage between 
omtinuous-current brushes is 600. When the input to the converter is 10 kw. 
the pomci factor of the converter is 0.5 and the voltage between continuous- 
curent brushes is 550. Find : (a) the value of the inductance in the alternating- 
CQRent lines, {b) the voltage of the alternating-current supply system. 

&. The no-load continuous voltage of a split-pole converter is 550. The 
itgulating pole is excited by means of a series winding, and the flux pro- 
duced by the regulating pole at full load is 30 per cent of the flux produced by 
^main winding which is constant. The distance from the center hne of the 
Bain pole to the center line of the regulating pole is 45% of the distance between 
the center lines of adjacent main poles. Find the full-load continuous voltage, 
the applied electromotive force at the rings remaining constant. 

9> A 6-pole, lap-wound armature has 720 conductors. The commutator 
ks 3^ bars. Determine the commutator bars which must be coimected to a 
JTO ling in: (a) a 2-ring converter, {b) a 3-ring converter, (c) a 4-ring con- 
fer, (d) a 6-ring converter. 
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THE TRANSFORMER 

A TRANSFORMER consists of a Single magnetic circuit lin^ 

two independent electric circuits, as shown schematically 
144. Since iron offers a path of small reluctance for the m 
flux, the coils of commercial transf 
are always wound on iron cores. 
I. Fundamental physical act 
When the armature conductors oi 
tinuous-current motor move acrt 
Fig. 144. Schematic Diagram magnetic field, a counter- electro 
force which opposes the flow of ( 
is induced in the conductors, and the armature rotates at 3 
which establishes equilibrium in the system. Similarly, wl 
alternating current flows in the windings 
of coil P (Fig. 144) the changing value 
of the flux induces * in the coil an elec- 
tromotive force which opposes the flow | 
of current, and the current is of a value 
which establishes equilibrium in the sys- 
tem. The induced electromotive force 
is equal to the geometrical diilerence of 
the applied electromotive force and the 
drop due to the resistance of the coil. 
The resistance drop in the primary 
windings of commercial transformers ^'°- '*S' Transformer 

. . . tion on Pole. 

operating without load (secondary cir- 
cuit open) is so small as to be negligible, and the applied g 
counter-electromotive forces are, therefore, equal. 1 

Referring to Fig. 144, let 

^ = the maximum flux produced in the iron core by c 

/ = the frequency of the alternating-current supply ■ 

Np = the number of series turns in coil P, 

N, = the number of series turns in coil .5 




• See Chapter 3, Section 13, 
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The flux in the iron must decrease from its maximum <t>m to zero 
in one-fourth of a cycle. The average rate of flux change is, there- 
fore, 

4/ 

and the average electromotive force induced in coil P is the prod- 
uct of the average rate of change in the flux and the number of 
series turns in the coil. 

Ea„ = 40m /xVp lO"^ (2) 

Since the ratio of the effective electromotive force to the axerage 
dectromotive force is i.ii, 

Ep = 4.440„/A% iQ-^ (3) 

Assuming that the flux set up by coil P is confined to the iron 
core, the electromotive force induced in coil 5 is 

E, = 4.44«m/A'. lo"^ (4) 

If the terminals of coil S are connected through a resistance as 
shown in the figure, current flows in the windings of the coil. The 
current in coil S tends to establish in the iron core a flux opposed 
to that set up by coil P* and the counter-electromotive force in- 
duced in coil P is reduced. The equilibrium of the system is thus 
destroyed, and the current in coil P increases until it neutralizes 
the magnetic effect of coil S. 

As the current in coil P increases, the resistance drop is no 
longer negligible and equilibrium is reestablished with a counter- 
electromotive force less than the applied electromotive force. 
Equilibrium in a transformer is, then, maintained by an automatic 
change in the current flowing in the i)rimary coil. The conditions 
are analogous to those in a shunt motor, the speed of which decreases 
as the load increases, so that the torque developed in the motor 
armature is automatically adjusted to equal the counter torque 
due to the load. 

2. Magnetic leakage. — In Section i it is assumed that all the 
flux set up by coil P passes through coil S. Such is not the case in 
a transformer since the flux is not confined to the iron.f That part 

* See Chapter 2, Section 14. 
t See Chapter 2, Section 21. 
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of the flux which threads one coil but does not thread the other is 
termed ^' leakage " flux, and has the same effect as a series inductance, 
i,e,, it reduces the electromotive force induced in coil S, and causes 
the primary current to lag behind the aiq>lied electromotive force. 
3. Electromotive force relations. — If the coils had no resistance 
and there were no magnetic leakage, it is evident, from equations 
(3) and (4), that the ratio of the voltage applied at the terminals 
of coil P to the voltage delivered at the terminals of coil S would 
be that of the number of turns in the coils. 

Ep ^ 4 .44»m/i\rp 10"^ , V 



E, 4.44««/iV. 10" 

(6) 



Np 



This ratio is found to hold very closely when the secondary circuit 
is unloaded. Because of resistance and magnetic leakage, the 
secondary terminal voltage decreases as the load increases, the 
applied voltage remaining constant. 

4. Current relations. — Neglecting the magnetizing current and 
the losses, which are small, the input to a transformer is equal to its 
output, and the product of the electromotive force and the current 
in the primary circuit, is equal to the product of the electromotive 
force and the current in the secondary circuit. 

Epip = £,/.. (7) 

Therefore 

i.e., the ratio of the primary and the secondary currents is equal 
to the inverse ratio of the number of series turns in the coils. 

5. Vector diagram. — The electromotive forces and currents in a 
transformer may be represented graphically by means of a vector 
diagram. Fig. 146a is the diagram of an unloaded transformer. 
The applied electromotive force is represented by OA , the secondary 
electromotive force by OB and the flux, 90 degrees behind OA 
and 90 degrees ahead of OB, by OC. Because of hysteresis in 
the iron core, the no-load current is not harmonic,* and cannot, 

• See Appendix B, Section 8. 
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therefore, be represented by a rotating vector. It is represented in 
transformer diagrams by what is termed the '* equivalent harmonic 
current, " i.e., a harmonic current having the same frequency and 
effective value as the actual current. The error due to this assump- 



A 



90' 



Jo 



+— C 



J"' 




f-*c 



Fig. 146a. Vector Diagnim of Unloaded Fig. 146b. Vector Diagram of Loaded 

Transformer. Transformer. 

tion is usually negligible. If the resistance of coil P were zero and 
there were no iron (hysteresis and eddy current) losses, the no-load 
current would be in phase with the flux. Because of these losses, 
which are practically all iron losses, there is a power component of 
the no-load current in phase with the applied electromotive force 
OA, and the vector of the no-load current is less than 90 degrees 
behind OA . 

That the electromotive force induced in the coils of a transformer 
is 90 degrees out of phase with the flux set up by the primary wind- 
ing is evident from the following consideration: 

Let the flux in the iron core (Fig. 144) vary harmonically. The 
electromotive force induced in coils P and 5 is proportional to the 
rate of change in the flux threading the coils.* But the rate of 
flux variation is maximum when the flux is passing through its zero 
value.f 

When the secondary circuit is loaded, the transformer quantities 
are represented in Fig. 146b. Let 

Ep = the applied electromotive force. 

Eg = the secondary (terminal) electromotive force, 

Ip = the current in the primary circuit, 

I9 = the current in the secondary circuit, 

* See Chapter 2, Section 13. 
t See Appendix A, Section 7. 



l82 ESSENTIALS OF ELECTRICAL ENGINEERING 

Rp = the resistance of the primary circuit, 
R, = the resistance of the secondary circuit, 
Xp = the reactance of the primary circuit, 
Xg = the reactance of the secondary circuit, 
cos <t> = the power factor of the primary circuit. 

Draw 

OA = £p, 

OD = Ip, 

<t> = AOD. 

The applied voltage Ep is equal ti^tht grjapqtric sum of the resis- 
tance drop Rplpj the reactance drop Xpip and the counter-electro- 
motive force. 
Draw 

AG = XpIp perpendicular to the current vector OD^ 
GE = Rpip parallel to the current vector. 

Then OE is the vector of the counter-electromotive force induced 
in the primary winding. 

The load component of the primary current OD' is the geometric 

difference of OD and the no-load current. 

The secondary current /, is in phase opposition to the primary 
load current 0D\ 

The electromotive force induced in the secondary winding is in 

phase opposition to OE. 

Draw 

OK = /„ 

OF = 0E^, 

Np 

FII = XJ, perpendicular to OK, 
BII = RJ, parallel to OK. 

OB is the secondary terminal voltage £,. 

6. Types and construction of transformers. — Commercial con- 
stant-potential transformers differ in the mechanical arrangement 
of the iron core and the windings, and are of two general tj-pes: 
(a) core, (b) shell. 

(a) Core type. — In the core type transformer the windings are 
placed around the legs of the core and cover a large part of the 
iron. Fig. 147a. 
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(b) SfteB typt. — In the shell tjpe transformer the wiadii 
are placed around the middle leg o( the core as shown in Fig. 147b. 
Iron, e^^dently, encloses the greater part of the coils. 

There is no marked superiority of one tjpe over the other, 
both ts^tes being largely used. Economical consideradons usuaUy 




Fic 147a- Core Type Traostonner (Ci 
Removed). Moloney Elccirii 



result in the selection of the shell type when the voltages are low 
and the currents relatively large, and of the core type when ihe 
x-oltages are high and the currents relatively small. 

Transformer cores are built up of thin stampings (laminations) 
to reduce eddy-current losses. After the core and the windings 
are assembled they are placed in an iron case for mechanical 
protection. 

7. Transformer losses.* — The losses in a transformer are : {a) 
iron losses, {b) copper losses. 

(a) Iron losses. — The iron losses of a transformer are those 
due to: (i) hysteresis, (2) eddy-currents. 

(i) Hysteresis loss. — The hysteresis loss in an iron coref is 
equal to 

P, = nVfBJ-\ (lo) 



* See SlandardizatioD Rules of Lhe Ami 
t Sec .Appendix B, Section 7. 
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when 7? = the magnetic (hysteretic) constant of the iron used in 

the core, 
V = the volume of the iron, 

/ = the frequency of the applied electromotive force, 
Bm = the maximum flux density in the iron. 

Since, in any given transformer, rj, V and / are constant, and Bm 
is proportional to the applied electromotive force, equation (lo) 
may be written 

Ph = hE'-'^ (ii) 



(2) Eddy-current losses, — The eddy-current loss in an iron core* 



IS 






Pe = bVpPBJ, (12) ] 

when 6 = a constant proportional to the reluctivity of the iron used 

in the core, 
V = the volume of the iron, 

/ = the frequency of the applied electromotive force, 
/ = the thickness of the laminations of which the core is built 
Bm = the maximum flux density in the iron. 

Equation (12) may be written 

Pe = keE'^ (13) 

Determination of total iron loss. — The total iron loss in a trans- 
former is determined, for any applied voltage, by connecting the 

• transformer as in Fig. 148, and 

impressing the required voltage 
across its terminals. The watt- 
meter indicates the total iron 




8 

c 
o 



o 



1 I... 148. Connections for Transformer loss plus the COpper loss due tO 

.osscs. ^j^^ no-load current. The no-load 

copper loss is usually so small as to be negligible, but the correction 
is easily made after the resistance of the primary winding has been 
determined. 

Separation of hysteresis and eddy-current losses, — The iron loss 
of a transformer is separated into its components by the following \ 
graphical method: From equations (10) and (12) 

p» = hj + k:f\ (14) 

* See Chapter 6, Section i. 
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when B is constant, i.e., when the ratio , is constant. Di\iding 
equation (14) by/ 



= */ + *//, 



(15) 



which is the equation of a straight line, and may be plotted as ab, 
Fig. 149. The ordinate oc is the value of the constant k^'. 
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Fic. 149. Separation of Hysteresis and Eddy- current I.uiscs. 

The power lost in hysteresis at any frequency is ol)tained l>y multi- 
_ plying the ordinate oc = k^' by the frequency; and the power lost 
in eddy currents is obtained by multiph'tng the ordinate k,'f, corre- 
sponding to the required frequency, by the frequency.* 

(6) Copper losses. — The copper losses in a transformer are those 
due to the resistance of the windings, and are equal to the product 
of the resistance and the square of the current. 



\ 



P, - It,I,' + RJ,', 



(.6) 



Compare vith the separation oi hysli 
ameat machinery as outlined in Chapicr 
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when Pc = the total copper loss in the transformer, 
Rp = the resistance of the primary winding, 
if, = the resistance of the secondary winding, 
Ip = the primary current, 
/, = the secondary current. 

The resistance of a transformer winding is determined by con- 
necting it, in series with a suitable rheostat, to a source of contin- 
uous current, and measuring the current in the circuit and the 
voltage between the terminals of the winding. The resistance of 
the winding is, from Ohm's Law, 

(17) 



R-j. 




Direct measurement of the copper losses may be made by con- 
necting a transformer as indicated in Fig. 150, where the low- 
voltage winding is short-circuited and the high-voltage winding 

connected to a source of alternat- 
ing current, and the voltage be- 
suppfif tween the terminals of the winding 
regulated to give any required 
Fic. 150. Connections for Transformer current in the windings. The volt- 
Coppcr Losses. r^gQ required to produce full- load 

current in the windings of a short-circuited transformer is usually 
only a few per cent of the rated voltage of the coil. The indication 
of the wattmeter is the sum of the total copper loss in the trans- 
former and the iron loss in the core. Since the iron loss in a 
transformer operating at rated voltage, is seldom more than 3 
per cent of its rated output, the iron loss at the reduced voltage 
required for the short-circuit test is negligible, /.r., the indication of 
the wattmeter is the total copper loss in the windings. 

8. Equivalent resistance. - The equivalent resistance of a 
transformer is the resistance which, when multiplied by the square 
of the current in the circuit, gives the total copper loss of the trans- 
former. It will, evidentlv, have dilTerent values as the curreit 
used is that of the primary or of the secondary circuit. Let 

Rr = the equivalent resistance of a transformer, 
R,, = the resistance of the primary winding, 
R, = the resistance of the secondary winding, 
f„ = the primary current, 
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/, == the secondary current, 
Pp = the copper losses in the primary winding, 
P, = the copper losses in the secondary winding, 
P^ = the total copper losses in the transformer. 



ben 





P. = P, + P, 




= /?,/,« + RJ.\ 


x>m equation (9) 








id 






I T ^' 



R, = Rp( 



nJ 



(18) 
(19) 

(20) 



(21) 
ierefore, 

-[*'(fj" +*•]'■■• <'^' 

■om equation (22) 

i?. = i?p + /J.(|j', (24) 

len referred to the primary circuit. From equation (23) 



+ R.. (25) 



len referred to the secondary circuit. 

9. Equivalent reactance. — The equivalent reactance of a trans- 
mer is the ratio of the voltage drop due to the inductance of 
» windings and to leakage flux, and the current flowing in the 
cuit- It is determined from the short-circuit test and the 
iivalent resistance of the windings. 



X, = v/(f )' - R>\ (26) 

en Xm = the equivalent reactance of the transformer, referred 

to the primary or to the secondary circuit as the 
values of £, / and R are primary or secondary 
values, 
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E = the value of the primary, or the secondary, electro- 
motive force required to cause current / to flow in 
the primary circuit, or in the short-circuited windings, 
/ = the current flowing in the primary circuit, or in the 
short-circuited windings. 
R, = the equivalent primary, or secondary, resistance of 
the windings. 

10. Cooling. — The cases of small transformers are filled with 
oil which helps dissipate the heat liberated in the windings and 
in the core. In large transformers additional means of cooling 
are required, the heat being dissipated by means of an air blast, or 
by means of a system of pipes through which cold water is forced, i 
and around which the oil circulates. 

It is cheaper to cool large transformers by mechanical means 
than to build them of such shape and dimensions that they arc 
self-cooling. 

11. Efficiency. — The efficiency of a properly designed trans- 
former is high, and varies from 95 per cent in small transformers to ' 
above 99 per cent in those of large size. If the apphed electromo- 
tive force is constant, the iron loss is approximately constant, the ■ 
copper loss is proportional to the square of the load and the effi- 
ciency may be calculated from the following equation: 

Per cent efficiency = ^^^_ J'^+'p^+n^iy (=7) I 

when E, = the rated secondary voltage, 

/, = the current output at which it is desired to calculate the 

efficiency, 
/*„ = the no-load input (= iron losses), 
R, = the equivalent secondary resistance of the windings, 
cos 1^ = the power factor of the load circuit. 

Transformer efficiencies are usually calculated for unity power i 
factor, under which condition cos in equation {27) is equal I 
to I. 1 

Example. — Find the full-load efficiency of a 2200: 220-volt, 15- ■ 
kv-a. transformer, the no-load input to which is 200 watts, R, = 2 \ 
ohms, R. = 0.02 ohm. 
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£, = 220 volts, 

y 15,000 ,0 

/,= -^ — = 68.1 amperes, 
220 

Po = 200 watts, 

Rs= 0.02 + 2 X — = 0.04 ohm, 

100 

RJ,^ = 0.04 X (68.1)2 = j8- - watts, 

COS0 = I. 
T> 4. a: • 15,000 X 100 

Per cent efficiency = ^ ; — - — 

15,000 + 200 + 185.5 

^ i5>QQQ 
15,385-5 
= 97-5- 

The "all-day efficiency" of a transformer is the ratio of the total 
output during twenty-four hours to the total input during the 
same period. 

All-day efficiency = 2utpuLduimg_i4_hours ^^g^ 

mput dunng 24 hours 



output during 24 hours 
output during 24 hours + losses 



(29) 



Example. — Calculate the all-day efficiency of the above trans- 
former, when operated at full load for 8 hours each day. 

T> ^ re • 15,000 X8 X 100 

Per cent efficiency = -^ .0 " ; 

^ 15,000 X 8 + 200 X 24 + 185.5 X 8 

126,248 
= 95- 

la. Regulation. — The regulation of a transformer is the ratio 
of the increase e in the secondary terminal voltage, between rated 
load and no load, and the secondary voltage £, at rated load, the 
primary voltage remaining constant. 

Per cent regulation = ~^ - ;^ (30) 



a*- 



The secondary terminal voltage decreases as the load increases 
because of: (a) the resistance of the windings, (6) the reactance of 
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the windings. Since the vector sum of the secondary terminal 
voltage, the resistance drop and the reactance drop is constant, the 
regulation of a transformer becomes larger (poorer) as the power 
factor of an inductive load circuit decreases. 

The resistance and the reactance of a transformer are determined 
as explained in Sections 8 and 9, and the regulation calculated by 
means of the following equation: 
Per cent regulation 



^ V(£,cos <t> + RJ. y +(E.sm<t>+XJ.y-E. ^ ^^^ ^^^^ 

when £, = the full-load (rated) secondary voltage, 
/, = the full-load (rated) secondary current, 
Re = the equivalent secondary resistance, 
Xe = the equivalent secondary reactance, 
cos <t> = the power of the load circuit. 

Example, — Determine the regulation of the transformer in 

Section 11, if no volts must be applied to the 2200-volt winding 
to cause rated current to flow in the short-circuited secondary 
winding. 

£,= 220 volts, 
/, = 68.1 amperes, 
Re = 0.04 ohms, 

Xe= \' [y^j + (0.04)- = 0.16 ohms, 

cos </> = !, 

RJ^ = 0.04 X 68.1 = 2.7 volts, 
Xela = 0.16 X 68.1 = 10.9 ohms. 

T. . 1 ^- V''(220 + 2.7)- + (10.9)^ — 220 

Per cent regulation = *^ ^^ — ^ X 100 

220 

^ 300 

220 

= 1.4. 

13. The auto-transformer. — WTien a single continuous winding 
forms both the primary and the secondary of a transformer 
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the arrangement is termed an auto- transformer. Fig. 151. The 
auto-transformer, like the independent coil transformer, is rever- 
sible and may be used to increase or to decrease the applied voltage. 

The ordinary (two-winding) transformer 
may be used as an auto-transformer by 
interconnecting the windings as indicated 
in Fig. 152. Let 

£1 = 220 volts, 

Ni 

N2 
Ii = 10 amperes. 



: 



Fig. 151. Conventional Dia- 
gram of Auto-Transformer. 



When the coils are interconnected as indicated in Fig. 152a, the 
voltage of the load circuit is the arithmetical sum of the applied 
voltage and the electromotive force induced in the secondary 

winding; when connected as indi- 

- cated in Fig. 15 2b, the load voltage 

is the arithmetical difference of the 




(a> 



220¥9/ts 




Hi Vans applied voltage and the electromo- 
i tive force induced in the secondary 

i_ winding. The above statements are 

evident from the fact that the wind- 
ings may be interconnected so that 
the applied and the secondary (in- 
/f0 ya/t9 duced) electromotive forces are either 
in phase or in phase opposition. 

The ratio of the currents in the 
windings of an auto- transformer is 
the same as if the transformer were 
; operating in the usual manner, i.€., the currents in the windings 
itre inversely proportional to the number of turns in the windings, 
while the current in the supply mains is the algebraic sum of the 
icurrents in the two windings. Assuming the load circuit to be 
non-inductive, the power delivered by the transformer when con- 
nected as indicated in Fig. 15 2a, is 

P = 242 X 10 
= 2420 watts. 



Fig. 152. The Auto-Transformer. 



The same power, neglecting the losses, is supplied to the 
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transformer, but the voltage of the primary circuit is only 220 

Therefore, 

J 2420 

^1 = 

220 

= 11 amperes, 

and the current flowing in the primary winding is i ampere. 
Similarly, for the connection indicated in Fig. 152b, the powe 

delivered is 

P = 198 X 10 
= 1980 watts 

J 1980 

Jl\ = — 

220 

= 9 amperes, 

and the current flowing in the primary winding is i ampere. 

The copper losses in an auto-transformer are less than in a two* 
circuit transformer having the same output and the same primary 
and secondary voltages, but the interconnection of the windings 
makes its use inadvisable except where the difference between thf 
supply voltage and that of the load circuit is small. One of its 
principal uses is to reduce the voltage applied to an alternating- 
current motor during the period of acceleration. 

14. The constant-current transformer. — A transformer having 
a counterbalanced movable coil delivers approximately constant 
current to a load circuit of variable impedance, when the voltage 
between the terminals of the primary winding is constant. 

When an alternating current flows in coil P the magnetic fluJ 
set up divides between the iron and the air as indicated in Fig. 153* 
That part of the ilux which threads coil 5 induces in it an electro- 
motive force which causes a current to flow in the closed secondary 
circuit. The flux which passes through the air forms a magnetic 
field, the direction of which is at right angles to the current-carr}'' 
ing conductors of coil S. Since the current-carr>ing conductors 
of coil 5 lie in a magnetic field, the coil tends to move and th^ 
direction of its motion is upward. The magnetic circuit is designed 
for large magnetic leakage, so that the number of magnetic lines 
threading coil 5 is materially reduced as the coil moves upward. 
Both the induced electromotive force and the current flowing in 
the coil are reduced, and the force producing, or tending to produce, 
motion becomes less. 
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Fig. 153. The Constant-current 
Transformer. 



By partially counterbalancing coil 5 as shown in Fig. 153, the 

secondary comes to rest in that position which establishes equilib- 

lium in the system, *.«., coil 5 moves upward until the reaction of 

the magnetic field and the current- 

carr>'ing conductors is just suJfi- 

cient to neutralize the efifect of the 

imbalanced part of the coil. If 

the impedance of the load circuit 

is increased, the current in coil 5 

decreases, the upward force acting 

on the coil decreases, and the coil 

moves downward imtil equilibrium 
is restored, i.e., \mtil the flux thread- 
ing the secondary coil increases 
sufficiently to restore the original 
value of current flowing in the 

secondary circuit. If the impedance of the load circuit is reduced, 
the current in the secondary circuit increases, increasing the up- 
ward force on the coil, and the coil rises until equilibrium is re- 
established. 

As stated in Section 2, leakage flux has the same effect as a series 
inductance, i.e., it causes the current to lag behind the applied 
dectromotive force. The power factor of a constant-current 
transformer is, therefore, low when the magnetic leakage is 
Ittge, i.e., when the transformer is operating at partial loads. In 
iact, the primary current of a constant-current transformer is 
il^roximately constant, and the change in load is accomplished by 

[ a diange in the power factor of the primary circuit. It is, there- 
fcrc, highly undesirable that these transformers operate at loads 
much below their rated output. 

To make the operation of constant-current transformers at 
partial loads commercially feasible, taps are often provided on the 
KGondary coil, by means of which the number of current-carrying 
conductors in the coil may be changed. The relative position of 
the coil for a given load and, consequently, the leakage flux, may 

this be changed, and the power factor of the system maintained at 

approximately full-load value."*" 

• The average power factor of constant-current arc lamp circuits is about 70 per 
cent when the transformers operate at full load. 
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The constant-current transformer is largely used to supply cu 
to arc and other lamps connected in series. In large transfo! 
the coils may be dividet 
the secondary (movable' 
balanced against each ( 
With di\-ided coils the s 
the auxiliary weight W 
duced to a minimum. 
necessary to give the rec 
range of current. 

15. Polyphase trans 
ers.— Polj'phase transfo 
are constructed by inte 
ing the magnetic circu 
two or more transfo 
which are to be connec 
a polyphase system, 
flux set up by coil ^ 




Fic. 154. Constatit-ci 



leni. J 
coil Jl 

thaU 



by coil B, the weight 1 
iron cores is approximately 15 per cent less than the weij 
the cores of two equivalent single-phase transformers, the maj 
flux density being the same in each construction. Polyphase 
formers are extensively used in Europe but have not at 
great popularity in America. 
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CHAPTER XI — PROBLEMS ■ 

I. The iron losses {measured at no-load) in a 5-kv-a. aaoo: 220-voTl 
former are 73 watLs. The resistance 0! the primary winding is 7.5 ohm 
of the secondary winding is 0.07 ohm. Calculate the full-load efficier 
when the power factor of the load cLrcuit is unity, (b) when ihc power fi 
the load circuit is 0,85. 

3. The transformer in Problem i is operated duiing 34 hours as fol 
4 hours at full load and unity power factor, 
6 hours at half loaf! and 90% power factor, 
14 hours without load. 
Calculate: (o) the all-day efficiency, (6) the yearly loss charge 
transformer if energy is produced for i cent per kw.-hour. 

3. A ao; I -transformer, the regulation of which is 3 per cent, ha 
voltage of 115 at full load. Determine the primary voltage at full It 
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4. Tlie h\-stcrcsis livss in a transformer is 125 wans when opcraicl on oc- 
c\"de mains. Calculate the hysteresis loss when the irar.>f'»rnuT is opcratol 
on a :5-oclc circuit, the voltage 01 which is equal to that of the to-cvv it nrci:it. 

A'ofe. — From equation '3; 

t 

5. The eddy- current loss in a transformer is 100 watts when operati-.l on Oo- 
Oxlemains. Calculate the eddy-current loss when the iransf^rnKT is I'peratcil 
ona25-cvcle circuit, the voltage of which is equal to that of the (o-cyi U- circuit. 

6. 20 per cent of the iron loss in a 60-cycle transformer, wht-n I'peraioil at 
rated frequency and voltage, is due to eddy currents. C:ilciiKite the per- 
centage increase or decrease in the total iron loss when the irai>iormcr is 
operated at 25 cycles and rated voltage. 

7. The hysteresis loss in a 60-cycle, 2300-voIt transformer is 500 watts. 
CaJculati- the hysteresis loss when operated on a Oo-cyde, 1 1 50- volt circuit. 

8. The eddy-current loss in a 60-cycle, 2300-volt transformer is 400 watts. 
Calculate the eddy-current loss when operated on a Oo-cycle. 1150 volt circuit. 

9. Two transformers have the same volume of iron ol the >anu' «iuality. 
but are so wound that the ratio of the tlux densities is j:3. Calculate tin.- ratii s 
w" the iron losses. 

to. Calculate the equivalent resistance of the IransfornuT in PrtiMim i: 1./) 
rrferred to the primary circuit, (b) referred to the sirt)n«!:iry circuit. 

11. Compare the iron losses in three similar transfornuTS star coiuucled to 
^balanced 3-phase system, with the iron lossi'S in the same transfornurs dolia- 
woneaed to the same system. 

12. Compare the copjKjr losses in three similar transformers conneiteil a> in 
Problem 11, the line current in the star-connected system heinu the ^alne a> the 
Hne current in the delta-connected system. 

13. An auto-transformer has a ratio of 2:3. Determine the relative si/.e 
<rf the conductors to he used in the windings, the current densities lo l»e eijUal. 

U. The iron losses in a 15-kv-a. 220o:22o-voU iraiistornier are iss ^^i»'l^ 

^measured at no load). Resistance of primary winding' ■■ 2 ohnis; resistaiue 

«' secondary winding = 0.018 ohm. Find: (w) the ct»|)i)er losses at full load, 

(^Mhc eflkiency at full (rated) load and go per cent power ("act or, (< :■ the lopper 

losses when the efllciencv is maximum. 

iv The maximum elTiciencv of a i2.s-kv-a. 2200: jjo-vult iranst'ornier is 
97.^ per cent, and occurs when the <)Ut[)ut is So [»er diit of the rat«'d value, 
find: (a) the copper losses, (h) the iron losses, d) the equivalent resistaiue re- 
ferred to the 2200-volt circuit, ((/; the equivalent resistance referred tu the 2.'o- 
voli circuit. 

r6. A 22oo:22o-volt transformer is rated at 150 kv-a. and has a no load 
input of 1.2 kw. Primar>' resistance = 0.16 ohm; secondary resistance = 
3.00I.S ohm. Find: ia) the total coi)per loss at full load, (fn the elliciency at 
full load, (c) the output at maximum elViciency. 
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1. Protection. — In connecting transformers to a supply circuit 
they should be protected from excessive currents by means of 
fuses of proper size in the primary circuits. A fuse is a short 
piece of soft wire which melts and opens the circuit whenever an 
excessive current flows in the circuit. Fuse wire is rated in amperes 
carrjdng capacity, the capacity varying, approximately, as the 
cross-sectional area. 

2. For single-phase circuits. — Connections for single-phase cir- 
cuits are shown in Fig. 155, where P is the primary winding and 



\ 



Fig. 155a. Priman' and Secondaty Coils Fig. issb. Secondary Coib in ParalleL 

in Parallel. 
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Fig. 155c. 



Primao' Coils in Parallel. Fig. issd. Primary and Secondary CoOs 

in Series. 
Single-phase Transformer Connections. 



S is the secondary winding. In Figs. 155a and 155b, the halves 
of the secondary winding arc connected in parallel, and the volt- 
age of the load circuit is that of each coil. In making a parallel 
connection care must be taken that similar terminals of the two 
coils are connected together, or a short circuit may be formed. I^ 
Figs. 155c and issd the secondary coils are connected in series aD^ 
the voltage of the load circuit is twice that of Figs. 155a and iSS^^* 
the primary voltage being constant. It is impossible, in the seri^ 
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connection, to form a short circuit but if the coils are improperly 
connected their voltages oppose and neutralize each other, and 
the voltage of the load circuit is zero. 

Since, for a given load, the product of the current and the elec- 
tromotive force is constant, it is evident that the secondary current 
in the parallel connections (Figs, issa and i5Sb) is twice that in 
the series connections (Figs. 155c and issd). 

A three-wire system is formed by connecting a third wire to the 
junction of the series-connected coils, as indicated in Figs. 155c and 
i55d. The voltage between A and B and that between B and C is 
one-half that between A and C. This connection offers two avail- 
able voltages and is much used, the load being connected between 
any t'wo of the three wires. If the load connected between A and 
3 is not equal to that connected between B and C, the halves of 
the transformer are unequally loaded. With a properly-distributed 
load, the current in line B is materially less than that in either 
A or C. For this reason B is usually made smaller than A 
and C. 

Two or more transformers may be connected so that they 
supply the same load circuit. In making such connections the 
same conditions must exist as for the parallel operation of alterna- 
tors. Since the primary coils are connected to the same supply 
circuit, the frequencies of the secondary circuits are the same, 
but the voltages may be in phase or in phase opposition. If the 
secondaries are connected so that their electromotive forces are 
not in phase opposition, a short circuit is formed and an excessive 
Gunent flows in the windings. This large current heats the trans- 
ionners to such a degree as to seriously damage or destroy the 
insulation, imless the protective devices work promptly. 

Transformers having different characteristics should not be 

operated in parallel as they will not divide the load properly. 

For example, if two transformers of the same rating and no load 

i'olu^, but having regulations of 2 and 5 per cent, are operated in 

"^ralld, the one having the better (smaller) regulation will carry 

>e greater part of the load. When the total load is equal to their 

mUned ratings both transformers operate at a reduced efficiency, 

IK being overloaded and the other underloaded. The wave shapes, 

• the ratios of transformation of different transformers, may be 

>4 as to make their parallel operation impossible. 
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3. For two-phase circuits. — Transfonners may be operated * 
each phase of a two-phase system, all the connections given f 
single-phase circuits being available. In addition, ihe primari^ 
or the secondaries, or both, may be interconnected as explained f*^ 
thepoIj-phasesysteminChapler ' 
4. For three-phase circuits.-^ 
Single-phase transformers ma- 
be connected between any tw 
lines of a three-phase system, o 
between any line and the neutra 
of a star-connected system, an* 
operated as from a single-phase circuit. The primaries of tire 
single-phase transformers may be connected to a three-phase suppl; 
system in either star or delta; the secondaries of the transformer 
may be connected to the load circuit in either star or delta. Th 
voltage and current relations are those given for the polyphas 
system in Chapter 7. 




156. Delta-delta Connection. 



I 



Fic. 157a. Correct Delia ConticcUons. Fig. isjb. Inajrrect Delta ConncctMnk 
Instonlancous Voltages Balnnced. Instantaneous Voltages Unbatancol. 

In making three-phase transformer connections the relations i 
the prunary coils adjust themselves. If the secondaries are to b 
connected in delta, the voltage relations must be as Indicated i 
Fig. 157a, i.e., the sum of the instantaneous electromotive forc« 
around the delta must be zero. If any one of the coils is reverse 
the equilibrium of voltages is destroyed, an 
an excessive current flows around the delu 
Fig. 15 7b. 

If the secondaries are to be star-connectec 
a short circuit is impossible because the coils d 
not form a closed circuit, but the voltages bt 
tween lines may be unequal. The correct relations are indicate 
in Fig. 159a, and the voltage between any two lines is equi 
to that between any other two lines. If the terminals of an 
one of the coils is reversed, the relations shown in Fig, la 
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exist and are indicated by the fact that the voltage between two 
of the lines is correct, while that between either of these and the 
third line is equal to the voltage in the coil, /.e., to the voltage 
between line and neutral. 





Fic. 159a. Correct Star Connections. 
AB = AC = BC. 



Fig. 159b. Incorrect Star Connections. 

AC = CB = -^ 

^3 



V or opepi'delta connection. — If one transformer of a delta connec- 
tion is omitted, a three-phase system may be operated with only two 
transformers. This is the V or open-delta connection. Fig. 161. 
While the number of transformers required for this connection is 
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Fig. 160. Delta-star (or Star-delta) 
Connection. 



Fig. 161. Open-delta (or V) 
Connection. 
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less than in the delta connection, its use is not advised, except as 
a temporary expedient for the continuation of service, because of 
the phase relations of the current and the electromotive force in 
the windings of the transformers.* 

5. Phase transformation. — It is some- 
tnnes desirable to change two-phase cur- 
rent to three-phase, or three-phase to 
two-phase. This may be accomplished 
by the "T" or Scott connection in which 
two transformers are connected as indi- 
cated in Fig. 162, i.e., the two-phase coils 

are independent of each other while one terminal of one three- 
phase coil is connected to the middle point of the other three- 
phase coil. The terminals A, B and C are connected to the 
three-phase lines. 

* See Chapter 7, Section 3c. 



c 



Fio. 10 2. Scott (or T) 
Connection. 
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The voltage of the coil ilC is that between the lines to 

which it is connected. The voltage of the coil BD is a component 

AC 

of the voltage AB (or BC)^ the other component being — {^AD 

2 

= DC). Fig. 163. 

Since ABC is, by construction, an equilateral 
triangle and AD = DC, ADB is a right triangle 
and 

BD = V{ABY - {ADY (i) 

= 0.866 {AB). (2) 

Fig. 163. Vector 

Diagram of T- The voltage between the terminals of BD is, 
connection. therefore, 86.6 per cent of the voltage between 

the terminals of i4C, and two similar transformers do not induce 
equal electromotive forces in the two-phase windings when the 
transformers are supplied from a balanced three-phase system. 
The voltages induced in the two-phase windings are equal if the 
ratio of the number of turns in BD to the number of turns in 
i4C is made equal to 0.866. 

No. turns in coil BD ^^^ / x 

= 0.866. (3) 




No. turns in coil AC 



6. For S3mchronous converters. — Transformer connections for * 



two-, three- and four-ring converters differ in no way from those 
connections already described. Because of the increased output 
of a given converter armature when provided with six rings, six- 
ring converters arc desirable. For supplying current to six-ring 
converters, the primary windings of transformers may be con- 
nected either star or delta to three-phase mains, but the secondary 
windings must be connected so as to produce six-phase currents. 
These connections are: (a) diametral, (6) double delta, {c) double 
star, ((/) hexagonal. 

((/) Diametral. — In this connection the terminals of trans- 
former A are connected to rings i and 4 of the converter, the 
terminals of transformer B to rings 2 and 5, and the terminals oi 
transformer C to rings 3 and 6. Fig. 164a. 

(ft) Double delta. — The windings of the transformers are con- 
nected so as to form two separate deltas, as indicated in Fig. 164b. 
The parallel sides of the deltas are formed by the coils of one trans- 
former. 
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(c) Double star. — The six coik of a transformer may be con- 
nected into a double star, as indicated in Fig. 164c. In this con- 
nection the coils of a given transformer are diametrically op}K)sed. 
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Fig. 164a. Diametral. 
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Fig. 164b. Double Delta. 
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Fig. 164c. Double Star. 



Fig. 1 64(1. Hexagonal. 



(d) Eexagonal. — The six coils may be connected as indicated 
in Fig. i64d, connection being made to the rin<:;s of the converter 
from the junction of each two coils. As in the double delta, par- 
allel sides of the hexagon are formed by the coils of one transformer. 
From the voltage relations given above it is a simple malter to 
^inake any of the above connections when three identical trans- 
fonners are used. When the transformers arc not similar, the 
relative direction of the electromotive forces in the coils must be 
determined. 

CHAPTER XII — TROBLEMS 

I. The primaries of three similar 20:1 transformers are star-connected to 
3500-volt mains. Find the voltage of the secondary circuit when the sccond- 
irics arc: (a) star-cormected, {b) delta-connected. 

7. Same as Problem i except the primaries are delta-connected. 

3. A 5 kv-a. transformer, the regulation of which is 2 per cent is operated in 
)aral]el with another $ kv-a. transformer, the regulation of which is 4 per cent. 
Vhen the total load on the circuit is equal to 10 kv-a. it is equally divided be- 
ween the transformers. Determine the load division when the total load is 
') 7-5 kv-a., (6) 5 kv-a., (c) 2.5 kv-a. Assume that the voltage characteristics 
re straight lines. 
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4. Three similar transformers have iheir primaries star-connected to 
balanced three-phase mains. The voltages between the terminals of the 
star-connected secondary windings are 

AB = 127, BC = 127, AC = 220. 

State what the trouble is and how it may be remedied. 

5. Two 100 kv-a. transformers are V-connected. Find the load on each 
transformer when the balanced load on the system is equal to 150 kw., and the 
power factor is: (a) unity, (b) 0.866. 

6. The primaries of two similar 10: i transformers are connected to 2300- 
volt 2-phasc mains. The secondaries are T-connected. Find the voltages 
between the 3 -phase (secondary) terminals. 

7. Draw a vector diagram showing the relations of the current and the elec- 
tromotive force in the 3 -phase coils of a T-connection when the power factor of 
the system is 0.866 and the load is balanced. 

8. The primaries of three similar 10 : i transformers are delta-connected to 

2300-voIt mains. Determine the voltage of a single-phase circuit when the \ 

three sc(X)n(laries are connected in series. ^ 

i 

9. A transmission line is connected to 6600-volt generators through 1:10 J 
step-up transformers delta-connected to the generators, and star-connected to 
the line. Find the line-to-line voltage. 

10. A 3-phase line supplies an induction motor delivering 500 brake horse 
power through a bank of transformers. The primaries are star-connected; the 
secondaries arc delta-connected. Ratio 60 : i. Voltage between lines at trans- 
former Cpriiuar>') terminals = 45,000. Transformer ctTicicncy = 98.7 per cent, 
motor efliciency = 02 per cent, power factor of motor = 87 per cent. Find: (<i) 
the voltage impressed on the motor, {b) the current per line delivered to the 
motor, ic) the kw. supplied to the transformers. 
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CHAPTER xm 

THE INDnCTION MOTOR 

I. Constnictioii. — The essential parts of an induction motor 
are: (a) the stator, (b) the rotor. 

iti) The stator. — The stator of an induction motor is the station- 
ary part, and its structure is essentially that of the armature of a 
rota ting field alternator. A 
slotted core (Fig. i66) is built 
Sip of laminations (Fig. 167), 
and the stator conductors, 
which are connected to the 
supply mains, are placed in the 
^'nts SO as to form a distributed 
[nding. 
b) The rotor. — Induction 
motors are differentiated by 
the construction of the rotor, 
and are: (i) squirrel cage, 



^\ip-ring. 




n Motor with Wound 
Triumph Electric Co. 



I Sijuirrcl-cage rotor. - 



-A squirrel-cage rotor consists of cop- 
per bars or rods placed in slots 
<ni the ■ surface of a cylindrical 
bniinaled iron core, the ends of the 
.niiductors being connected to cop- 
In c rings, placed at each end of the 
I I'tc, Since the conductors are 
ttiunected in parallel, the resistance 
of such a winding is small, 
squirrel-cage rotor b shown in Fig. 
1 68a. 

f:ii. 166, SUlor Core and Frame. (2) Slip-ring rolOT, — A sllp-rlng 

Crockcr-\\T,eolerCo. ^^ ^^^^j ^^^^^ -^ ^^^ ;^ ^y^^ 

distinct windings, similar to those on the stator, are intercon- 
nected, and terminals brought out to slip rings mounted on the 
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shaft. Through these slip rings the rotor winding is connectec 
an external rheostat, by means of which the resistance of the rot 
circuit may be varied. Since t 
conductors of a wound rotor a 
connected in series, its resistan 
is much greater than that of 
squirrel- cage rotor. Fig. i6i 
shows a wound rotor with thr 
rings mounted on the shaft. 

The rheostat for regulating t 
resistance of the rotor circuit 
sometimes placed in the rotor stru 
ture of small motors. In It 
case no rings are required, but 
rod, by means of which the resii 
ance of the rotor circuit is changed, projects through the hollc 
shaft. 

2. Rotating fluz and its produc- 
tion. ^ It was shown in Chapter 
8, Section q, that the magneto- 
motive force due to the rotating 
armature of a two-phase alterna- 
tor is constant in value and fixed 
in direction. When the arma- 
ture is stationary, the magneto- 
motive force of the armature 
winding is constant in value, but is momentarily changing In dirt 
tion. and the flux c 
tates at a speed pc 
portion al to the Ii 
quency of the currc 
flowing in the ano 
ture conductors. 

Consider two ele 
tromagnets placed 

Fir.. i68b. Slip-ring Rotor. Crotker-WTieeler Co. right aneles tO ea' 

other as shown in Fig. 169, and excited from a two-jihase alt* 
nating-current system. It is evident that the flux due to windii 
A is maximum when that due to winding B is zero. As flm 




. niSa. Squirrel-cage EoWi 
Triumph Electric Co. 
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decreases, flux B increases. During the quarter cycle required for 
flui A to decrease to zero and for flux B to increase to maximum, 
a resultant field is produced, the instantaneous value and direc- 
tion of which is represented by the vector sum of the instanta- 



] 




Fig. 169. Fig. 170. 

neous values of the quadrature fluxes.* The flux due to each 
wmding of Fig. 169, and the resultant flux is represented in Fig. 
170 when flux A is maximum, 30, 60 and 90 degrees later. 

It is evident that 'the maximum value of the resultant flux is con- 
stant and equal to the maximum flux produced by each winding 
sq)arately, and that its rate of rotation is proportional to the 
irequency of the supply circuit. 

It may be shown in a similar manner that a rotating flux, the 
niaximum value of which is 1.5 times the maximum flux set uj) l)y 
each phase winding, is produced by connecting properly designed 
coils to a three-phase supply system. 

The magnetic effect when the stator windings of a polyphase in- 
duction motor are connected to a circuit supplying polyphase alter- 
^ting current, is essentially that described, the difference being due 
to the arrangement of the windings, which is purely a mechanical 
detail, and to the reaction of the currents set up in the conductors 
of the rotor. 

3. Generator action. — The rotating flux set up by the stator 
^dings of an induction motor cuts across the conductors of the 
^tor, induces in them an electromotive force, and causes a current 
to flow in the rotor circuit. 

4' Motor action. — The rotating flux set up l)y the stator wind- 
^ reacts with the currents induced in the rotor conductors to 
produce a torque,t and the direction of the torque is the same as 
^e direction of flux rotation. 

The fluxes are in quadrature as regards both time and space (direction), 
t See Chapter 2, Section 14. 
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In a two-phase motor, the direction of flux rotation is reversed 
by reversing the terminal connections of either phase winding; in 
a three-phase motor, the direction of flux rotation is reversed by 
reversing any two line connections. 

5. Speed of rotor.* — The torque produced by the reaction of 
the stator flux and the rotor currents causes the rotor to revolve. 
Because the rate at which the flux cuts the rotor conductors de- 
creases as the speed of the rotor increases, both the induced 
electromotive force and the rotor current decrease, and the rotoi 
runs at a speed which establishes equilibrium in the system. If 
the load increases, the speed decreases until the reaction between 
the flux and the increased current produces the required torque ; 
if the load decreases, the speed increases until the. current decreases 
to a value which reestablishes equilibrium in the system. 

The speed of the rotor can never attain the speed of the rotating 
flux because at this speed (the synchronous speed) no current flows 
in the rotor windings, and no torque is exerted to compensate for 
the frictional and other losses of the motor. 

6. Slip of the rotor. — The difference between the speed of the 
rotating flux and that of the rotor is termed the "slip" of the rotor. 
The slip is approximately proportional to the load over the normal 
working range of the motor. At overloads the slip increases faster 
than the load until maximum torque is reached after which both 
speed and torque decrease very rapidly. 

The slip of an induction motor is easily measured, unless it be- 
comes excessive, by the stroboscopic method. On the end of the 
shaft or the pulley, mark as many equally-spaced radial lines as there 
are i)airs of poles on the motor, and illuminate these lines by means 
of an arc lamp connected to the circuit from which the motor re- 
ceives its current. When the motor is in operation, the radial lines 
appear to rotate in a direction opposite to that of the rotor. The 
sjK'ed of this apparent rotation is proportional to the slip of the 
rotor. 

Tne stro])oscopic method of slip measurement depends on the 
fact that the light from an alternating-current arc lamp is pulsa- 
ting. If the rotor moved at synchronous speed, the radial' lines 

* The indiKiion motor is, inherently, an approximately constant-speed machine. 
Large \aria lions in speed are obtained only by a sacrifice of efficiency or of mechanical 
simplicity. 
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would ad\*ance throusrh the amnilar disLince cf one r^'-.t i>:ich 
for each pulsation of the light, and 5ucce<5i\e pulsotiv t> t* vuKl 
show the lines in the same relative posidons. Bu: :he .inr-lar 
advince of the lines is less than the in^jljj pitch %:: the p '.es. 
and each successive pulsation erf the light shows the ::nc< in a 
position slightly behind that which it occupie^i at the previous 
pulsation. 

Examfk. — A four-pole induction m:»t.ir is op?ra:e.i from ckx- 
C)cle supply mains. Determine the slip of iis rotor when 1:7 
radial lines pass through the neld of \-ision in one minute. 
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— * = 1.7D per cent. 



60 X 60 X 2 

Another simple method for the determination of slip is to connect 
a contact maker to the shaft of the motor so that it closes, once in 
each revolution of the rotor, the circuit of a voltniettr connected 
across the mains suppKing the motor. The voltmeter pointer 
swings back and forth, the rate of the swing being proix>riional to 
the slip of the motor. If an electrod>Tiamometer 1} pe of volt- 
meter is used, the rate at which the pointer swings is twice as great 
as if the voltmeter is of the permanent magnet type. 

?• Torque. — From the above it might be supposed llial the 

maximum torque of an induction motor is exerted at zero sj>eed, since 

both the induced electromotive force and the rotor currents are then 

maximum. But the frequency of the rotor currents is proportional 

to the slip of the rotor, and the rotor current, therefore, lags behiml 

the induced electromotive force bv a constantly increasint: an^le as 

the slip increases. The lagging current tends to set up a llux which 

is opposed to that set up by the stator windings.* When the slip 

becomes large, this demagnetizing action is excessive, and the llux 

decreases faster than the rotor current increases. Therefore the 

speed-torque curve of an induction motor is not a straight line, 

3Ut has the general shape, for a rotor circuit of constant resist- 

mce, shown in Fig. 171. 

Starting slightly below synchronous speed (the speed of the ro- 
ating flux), the torque increases as the speed decreases until the 
)oint of maximum torque is reached. At speeds less than that 
it which maximum torque is developed, the torque decreases very 

* Sec Chapter 8, Section 9. 
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rapidly. Consequently, when an induction motor is loaded beyond 
the point of maximum torque, it stops.' 

An examination of the speed-torque curve of an induction motor 
shows that the characteristic, over the working range of the motor, 
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PERCCMT OrroaUWUKRATEDJTOMUE 
Speed-torque Characteristic for Squirrel-cage Induction Motor. 



is similar to that of a shunt (continuous-current) motor, i.e., the 
spcL-d drops slightly as the load increases. When the applied volt- 
aic is Uiat at which the motor is rated, the maximum turque of 
an induction motor is usually frcm two to three limes its rated 
load torque: its starting torque is from one and one-lialf to two 
times rated value, and the starting current is from live to sLi 
times that at rated load.* 

'Ihc relations between the slip and the torque of an induction 
motor may be derived as follows: Let 

Er = the electromotive force induced in the rotor circuit at 

zero speed, 
I, — the rolor current, 
Rr = the resistance of the rotor circuit, 
-\V = the reactance of the rotor circuit at zero speed, 
s = the slip of the rotor expressed as a fraction of the 

synchronous speed, 

* The Staiidanlization Rules of the -Xmcrican Institute of Electrical Kncinerrs 
re'iiiirc ih.it a miitor inlcn<lcd for continuous ser\icc shall develop a maximum run- 
ninj! lor<|uc at least JS^t greater than the normal torque at rated load. 
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rt' = the synchronous speed of the rotor in revolutions per 

minute, 
n" = the actual speed of the rotor in revolutions per minute, 
cos = the power factor of the rotor circuit. 

Rotor input = £r/rCos^. (i) 
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Substituting in equation (i), 



Rotor output 



R,' + s'Xf 

s E.'R, 
■ R,' + s'X,' ' 
sE.'R, (i - ; 
«= + j'A" 



Torque - _33,c<»iE-*li^') . 

33,00° »fi.'Ji> 

746X2ira'W + s'X,") 
_ ■j.o^sE^Rr 



n'tRf+fX,') 



foot-pounds. 



(2) 
(3) 



PERCEKT OF FULL LOAD (RATED) TORQUE 
Speed-torque Characteristics for Slip-ring InducLlun Mutur. 
oi Rotor Increased by Steps, 



(4) 
(5) 

(6) 
(7) 
(8) 
(9) 



(c) Starting torque 

7.04 JSr'Jgr 

is proportional to the rotor copper losses, and is maximui 

Rr = Xr* 

• (</) The copper losses in the rotor circuit are equal to th 
of the rotor input and the slip. 

{e) At speeds near synchronism, the reactance of the 
cuit is negligible, the torque is directly proportional 'to 
inversely proportional to the resistance of the rotor drcui 

^ 3.525^ 
n'Rr 

(J) At maximum torque, the power factor of the rotor 

= 0.707. 

(g) At constant speed, the torque is directly proportioi 
square of the electromotive force induced in the rotor 
zero speed, and, therefore, to the square of the applied vo 

(A) At constant torque, the slip of the rotor is inversel; 
tional to the square of the electromotive force induced in 
circuit at zero speed, and, therefore, to the square of th 
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applied and the starting device automatically disconnected Irom the 
line. Starting at a reduced voltage minimizes the line disturbances 
and reduces the heating of the motor windings, but decreases the 
starting torque. 

The sb'p-ring induction motor is started by applying rated volt- 
age to the stator windings, after resistance has been inserted in the 
rotor circuit. As the rotor speeds up, the 
resistance of the rotor circuit is gradually 
reduced until the windings are short-circuited. 

Because of their large starting currents and 
low power factors, induction motors often cause 
undesirable fluctuations of the line voltage dur- 
ing the starting period. These fluctuations 
are particularly objectionable when lamps and 
motors are operated in parallel. 

9- Power factor. — Since the air gap of an 
induction motor introduces considerable reluc- 
tance mto the magnetic circuit, the ■ mag- 
netizing current, as compared to the load 
current, is relatively large at small percentages 
of the rated load. The power factor of an induction motor is, 
therefore, low at no-load but increases as the load increases. 

The frequency of the currents induced in the rulor circuit is pro- 
portional to the slip of the rotor. The reactance of the rotor circuit 
15, then, proportional to the slip of the rotor. 

X,'-2«//- (i6) 

»lien Xt' = the reactance of the rotor circuit, at slip j, 

s = the slip of the rotor expressed as a fraction of the 

synchronous speed, 
/ = the frequency of the supply circuit, 
L = the inductance of the rotor circuit. 

When the slip is small the reactance of the rotor circuit is neg- 
Sffble, the impedance of the circuit is practically equal to its 
reastance, and the rotor current is in phase with the induced elec- 
tromotive force. As the slip increases, the reactance of the rotor 
circuit increases, the impedance becomes greater than the resistance, 
and the current lags behind the induced electromotive force. 
The power factor of an induction motor wiU increase as long as 
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the power component of the induced voltage increases faster t 
the reactive component. When the slip becomes so great that 
reactive component of the voltage increases faster than the pc 
component, the power factor decreases. 

10. The losses.'*' — The losses in an induction motor are: 
copper losses, (b) stray power. 

(a) Copper losses. — The copper losses of an induction motor 
those due to the resistance of the stator windings and that of 
rotor circuit. The losses in the stator windings are easily calcul; 
for any given value of stator current when the resistance of 
windings is known. The resistance is determined by continu 
current methods. 

The copper losses in a slip-ring rotor are as easily determine^ 
are those of the stator. Those in a squirrel-cage rotor cannoi 
determined directly, since neither the resistance of the circuit 
the value of the current flowing in it can be measured. The n 
copper loss should be calculated by means of the following form 



Let 



p 7 2 _ outp ut X slip 
I — slip 

Er = tlic electromotive force induced in the rotor circui 

zero s])eed, 
Kr = the resistance of the rotor circuit, 
Xr = the reactance of the rotor circuit at zero speed, 
J = the slij) of the rotor expressed as a fraction of the s 

clironous si)eed, 
Ir = the current in the rotor circuit at slip s. 

J __ induced e.m.L 
impedance 

sEr 

" VR;" + s\\~' 

Squ;irin<,^ equation (ig) and multiplying by /?r 

~ ~ Kr^S^XJ" 

= ks. 

• Sec ihc Suiiid irdization Rules of the Ameruxxn Institute of Electrical Engir 
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(fc) Stray power. — The stray power ot an induction motor in- 
cludes windage, friction, and iron losses, and is approximately con- 
stant over the working range of speeds. Jt is evident that windage, 
friction, and staler iron losses decrease as the slip O*'***'!' increases, 
and that the iron losses in the rotor increase. The stray jxiwer of 
an induction motor is usually taken as the no-load input to the 
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PERCEflT OF RATED OUTPUT <H.P) 
Fig. 174. Induction Motor Pcrfonnancc Curves. 

motor minus the stator copper losses, the rotor copper lusses at no- 
load being so small as to be negligible. 

Stray pwwer = no-load input — stalor A'/-. (2 •) 

II. Peifonnance curves. - — The pcrfomiance of an induction 
motor is indicated by curves such as those shown in Fig. 1 74 data 
for which may be derived from: (a) a brake test, (i) the losses, 
{c) the circle diagram. 

(a) Tite brake test. — A brake test is usually unsatisfactory be- 
ause of the large number of readings required, and the difticulty 
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experienced in holding a brake load constant. The brake test is, 
therefore, little used in induction motor testing. 

(b) The losses, — The set-up for the determination of the losses is 
the same as that used in a brake test, but the load is applied 
by means of an electric generator or a blower, and no measure- j 
ments of output need be taken. The stray power is calculated \ 
from the no-load input and the stator copper losses as indicated i 
above. 

Output = input — stray power — stator RP — rotor RP. (23) 

But from equation (21) the rotor copper losses are proportional to the 
sUp. Hence, 

Output = (input — stray power — stator RP) (1 — 5). (24) 

(c) T/ie circle diagram. — It may be proved both experimentally 
and mathematically, that the locus of the vector of the current in the 
rotor circuit is a semi-circle, i.e., the value of the rotor current and 




Fig. 175. Circle Diagram for Induction Motor. 

the power factor of the circuit are so related that, as the current 
varies, the end of the vector is always on a. semi-circle as indi- 
cated in Fig. 175. Therefore, the semi-circle is determined when 
two points are determined, the diameter being parallel to the axis 
of al)scissa. The two points usually selected for experimental deter- 
mination are: (i) w^hen the motor is running without load (no-load 
test), (2) when the rotor is blocked to prevent its rotation (blocked 
rotor test). 

(i) No-load test. — The motor is supplied with current at rated 
voltage and run without load. Measure the current and the watts 
input to the stator. 
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(2) Blocked rotor test. — After blocking the rotor to prevent its 
rotation, apply rated voltage to the stator, and determine the stator 
current and the watts input. 

The excessive currents which flow in the windings of the motor 
when rated voltage is applied with the rotor blocked, may be a\-oi<lcd 
by making the blocked rotor test as follows : Wattmeter and ammeter 
readings are taken for several values of applied voltage less than 
that at which the motor is rated. (\'ery low values should not be 
used as the results are likely to be erratic. If the stator cur- 
rents do not exceed twice the rated 
full-load value, no damage can 
be done to the windings or to the 
insulation.) A curve plotted be- 
tween the power component of the 

stator current!—; — land volts 
\ volts ' 

is a straight line that may be ex- 
tended to any desired point, the 
product of the ordinate and the 
abscissa of the point being equal 
to the watts input at this voltage. 

Fig. 176- ' 

12. Construction of the circle diagram. — Draw 0.1 (Fij;. 175) 
proportional to the rated electromotive force uf the niolor, using 
any suitable scale. From O lay off OB pro|wrtiona] to the no-load 
current, the angle AOB being made such ihat its cosine is equal to 
the power factor of the motor at no load. Also lay olT the lino ()C 
proportional to the stator current with the rotor blocked, the cosine 
of the angle AOC being equal to the jxiwer factor of the motor 
under this condition. Draw the line BD parallel to the axis of 
. abscissa. The points B and C are two |)oinls on the semicircular 
locus of the current vector, the center of the circle being on the 
hneBD. 

The perpendicular from C to the axis of abscissa is proportional 
to the total losses in the motor. Since the r(»tor is blocked and can 
deliver no mechanical power, this loss is cfjual to the input. De- 
termine the increase in the stator copper loss over that at no-load, 
and lay off as EF. 

EF = R. {1,^ - 1^), (25) 
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when /?, = the resistance of the stator windings, 

I2 = the stator current with the rotor blocked, 
/i = the stator current at no-load. 

CF is proportional to the copper and iron losses in the rotor. No 
attempt need be made to separate these losses since the rotor iron : 
losses, under load conditions, are negligible. (The frequency of the 
n^agnetic reversals in the rotor iron is very low.) 

Draw straight lines from C and F to B. For any current input, = 
as OG, 

HK is proportional to the no-load (constant) losses, 

KL is proportional to the "added'' stator copper loss, 

LM is proportional to the rotor copper losses, 

MG is proportional to the output of the motor, 

LG is proportional to the torque developed in the rotor, 

": is the ratio of the rotor speed to the synchronous spaced, 
LG 

LM 

— — is the ratio of the slip to the synchronous speed, 

LG 

MG 

■ ,-[ is the efficiencv of the motor, 

7/6 

cos of the angle AOG is the power factor of the motor circuit. 

The maximum power factor at which an induction motor can 
operate is obtained when the current vector is tangent to the circle. 
The maximum output of an induction motor is obtained when the 1 

1 

current is of such a value that a line drawn through the end of the 
current vector, and tangent to the circle, is parallel to BC. : 

The maximum torque possible to develop in an induction motor " 
is exerted when the current is of such a value that a line drawn \ 
through the end of the current vector, and tangent to the circle, is | 
parallel to BF. | 

It will be ol;served that the above quantities, as determined by \ 
the circle diagram, are not absolutely correct, but that the errors are 1 
small and that they tend to neutralize each other. For example, 
the so-called constant losses decrease slightly as the slip increases 
(windage and friction are dependent on the speed of the rotor 
and are zero when the rotor is blocked), while the rotor iron losses 
increase. 
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The circle cUagram offers a simple method for determining the 
actions of an induction motor: the results are suthciently accurate 
for commercial purp)oses; and the only data required are the current 
and watts input at no load, the current and watts input with the 
lotor blocked, and the resistance of the stator windings.'*' 

13. Proof of the circle diagram. — Let 

Er = the electromotive force induced in the rotor circuit at 
zero speed, 

Rr = the resistance of the rotor circuit, 

Xr = the reactance of the rotor circuit at zero speed, 
5 = the slip of the rotor expressed as a fraction of the syn- 
chronous speed, 

Ir = the current in the rotor circuit at slip 5, 

^ = the phase angle between Er and Ir. 

Then 

sEr 



Ir = 



y/Rr- + S-Xr- 



But 



and 



- = tan<^, 

Rr = ^^^-^ 

tan (j> 
= sXr cot <l>. 






Substituting the value of Rr from equation (29) in equation (20), 

Ir = — — - - - ( ;( 



V y\ r- + 6'- A r" cot- 
SEr _ 

5A'r \''(l + C()t-</); 

Er sin 

A'r 



l>o^ 



(^I^ 



(.^:) 



Equation (32) is a polar equation of the circlej 

• In plotting the circle diagram for a pol\i)hase motor it is convenient to use the 
quantities for one phase, in which case th: watts, torque, out])ut. losses, etc., mist 
be multiplied by the number of phases to obtain the (quantities for the motor, (^r to 
reduce the cx|>erimental quantities to the ** equivalent single-phase" sy>teni, as ex- 
plained in Chapter 7, Section 11. 

t The proof given above is strictly true only when the resistance of the stator wind- 
ings and the magnetic leakage are negligible, but over the operating range of an in- 
duction motor very small differences are found between the theoretical and the actual 
locus of the current vector. 
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The Single-phase Induction Motor* 

Structurally, the single-phase induction motor is essentially the j 
same as the polyphase motor, but the stator windings are connected 
to a single-phase supply system. The chief operating difference 
between the single-phase and the pol>'phase motor is the fact that 
the former is not inherently self-starting. 

14. Transformer action. — When the windings A A (Fig. 177a) 
are connected to a single-phase alternating-current circuit, the flux 
set up by the windings periodically reverses in direction, and the 
changing value of flux induces an electromotive force in the conduc- 
tors of the squirrel-cage structure. But the directions of the cur- 





Fk;. 



/ / 



a. 



Fig. 177b. 



rents in the conductors are such that the torque exerted on one 
conductor is equal and opposite to that exerted on another 
conductor. There is, therefore, no tendency for the conductors 
to rotate, the effect of the rotor currents being to largely neutralize 
the llux set up by the \vin(Un<^s .lyl, the action being identical with 
that in a transformer, the secondary of which is short-circuited. 

15. Generator action. - If the structure supporting the rotor 
conductors is rotated by some external power, an electromotive 
force is generated in the conductors by reason of their movement 
across the ma<^netic field set up by windings AA.^ 

The current-carrying conductors on the rotor structure set up 
a ([uadrature tlux. as indicated in Fig. 177b. During the half- 
cvcle in which the current in .LI flows in the direction indicated bv 
the arrows, the flux set up by .1/1 is constant in direction, though 

* For a mathemalical disrussion of the single-phase induction motor, the student 
is rcferrtxJ to " Klei trie Motors " by Crocker & Arendt. 
t See Chapter 2, Section 13. 
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var\ing in magnitude, and the direction of the flux sot up by the 
rotor winding is that indicated in the figure. During the next 
half -cycle the flux due to the windings A A is reversal, since the 
current direction in the windings is reversed. The reversed direc- 
tion of the field across which the rotor conductors move, reverses 
the direction of the rotor flux. Therefore, the flux set up by the 
rotor winding of a single-phase induction motor is in quailraiure. 
both in time and in space, with the flux set up by the stator 
windings, and alternates in direction, the frequency of the flux 
reversal being the same as that of the current reversid in the 
windings A A,* 

It is e\ddent that the generated electromotive force and, there- 
fore, the quadrature flux, is proportional to the speed of the rotor: 
and that the magnetomotive force of the rotor, when rotatin^j at 
synchronous speed, is equal to the magnetomotive force of the stator 
windings. 

16. Rotating flux. — While the simultaneous existence i>f quad- 
rature magnetic fluxes in the same material is entirely imaginary, 
the effects are real and are due to the actual flux 
resulting from quadrature components. There 
is, then, set up in a single-phase induction motor, 
when once started, a rotating flux the value of 
iriiich is constant only when the rotor revolves \ rtT'r^Li 
Bt synchronous speed. Since no electromotive 

ce could be induced in the rotor conductors at 
chronous speed (field and conductors rotating , . o 1. , ,• 

* ^ ^ I' Id. 178. KolaliiiL; 

t the same speed), the operating speed of the Mux oi sin^'ic 
tor is always less than synchronous speed, and \^^^'^^^^' Indudion 

rotating field of a single-phase induction motor '^^*'^'"^- 
an ellipse, as indicated in Fig. 178, the short axis being ])r(>porti()nal 
to the speed of the rotor. 

17. Starting. — To make single-phase induction motors com- 
inercially practicable, auxiliary starting devices are reciuircd. Two 

thods of producing a starting torque in single-i>hasc induction 
tors are in general use, and will l>e described: [a) shading coils, 
split-phase windings. 

' Because of the re\'ersal of the quadrature tlux, and the i>ass;iKL' of the rotor om- 
rs across the quadrature field, the currents tl.)\vinK in the rotor conductors of a 
-phase induction motor, are due to the combined action <ji four electromotive 
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6tator 
Winding 



(a) Shading coils. — A shading coil is a dosed winding p 
around a portion of the pole, as indicated in Fig. 1 79. As thi 
in the pole alternates, by reason of the reversal of the electrom 
force of the supply circuit, an electromotive force is induced i 

shading coil. The effect of the inc 
electromotive force is to oppose any cl 
in the magnetic conditions existing i 
space enclosed by the coil. This o{ 
tion causes the flux threading the coil 
behind the flux in the unshaded part < 
pole, and thus reach its maximum 
at a later p)eriod. A flux which i 
(shifts) from the imshaded to the si 
part of the pole is thus produced, 1 
small starting torque obtained. Sh 
Fig. 179. Single-phase In- coils are commonly used in fan and 

auction Motor. ^^^y ^^^^^^ 

(b) Split-phase windings. — When a single-phase induction 
is to be started by the split-phase method, an auxiliary stator 

ing must be provided and the motor is, structurally, a poh 
motor. The connections for starting a two-phase motor f 
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Fig. 1 80a. Split-phase (T\vo-i)hase 
Winding). 



Fig. 180b. Split-phase (Three- 
W'inding). 



singlc-i)hase circuit are shown in Fig. i8oa, and those for a 
phase motor in Fig. i8ob. 

Fig. 181 is a vector diagram, with stationar>^ rotor, of the c 
represented in Fig. r8oa. The impedance of circuit A is < 
than that of circuit B because of the resistance connected ir 
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with the motor winding; the power factors of the two circuits are 
different, and the currents are out of phase as indicated. The 
fluies set up by the windings are, therefore, out 
of phase, and produce a resultant rotating (or 
shifting) field. 

It is impracticable to produce a quadra- 
ture displacement of duxes by means of split- 
phase connections, but a displacement sufficient 
to produce a small starting torque is easily 
obtained. The direction of rotation is reversed Fic. i 

by reversing the terminal connections of either ^^"^ ^p"' " ^^''^ 
I ■ ,. Motor. 

I vmding. 

I tS. ^>eed-torque curves. — Fig. 182 shows the speed-torque 

[ relations of a single-phase induction motor with \ariable rotor 

resistance. Both the maximum torque and the speed at which it 
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Fia. i8z. Speed-torque Characlerislics of Sin;;1i:- phase Induction Motor 
with Variable Rotor Rfsistance. 

is developed, are reduced by increasing the rtsistance of the rotor 
circuit. 

The Frequen'cy Ch-an'ger 
19- The frequency of a transmission lint is often less than that 
required for circuits supplying lamps. To operati; lamps from such 
a system it is necessary to raise the frequency. As indicated in 
Section 9, the frequency of the current in the rotor circuit of an in- 
duction motor is proportional to the slip of the rotor. If, then, the 
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slip-ring rotor of an induction motor is driven at the propter speed 
a current of any desired frequency may be obtained from the rotor 
windings. When so used the induction motor is termed a frequenc>' 
changer.* 

The voltage at the terminals of the rotor circuit is proportional 
to the slip of the rotor. This is easily demonstrated by considering 
the voltage at synchronous speed and at zero speed. At synchro- 
nous speed, the voltage must be zero since there is no relative move- 
ment between the flux and the rotor conductors. At zero si>eed, the 
stator and the rotor act as the primary and the secondary of a trans- 
former, and the voltages are to each other as the number of turns 
in the windings. The voltage of the rotor circuit at any given speed 
is, then, obtained by multiplying the voltage of the supply circuit 
by the ratio of the number of turns in the windings and by the slip 
of the rotor from synchronism. 

Er = ksEj, (33) 

when Er = the electromotive force induced in the rotor winding, 
k = the ratio of the number of turns on the rotor to the 

number of turns on the stator, 
s = the slip of the rotor expressed as a fraction of the 
synchronous speed, 
E. = the voltajije of the supply circuit at the stator terminals. 

The ratio k of the number of turns in the windings may be deter- 
mined by voltage measurements at 100 per cent slip (standstill). 

The rotor of an induetion motor, when used as a frcx^uency 
changer, is driven by another motor (either induction or synchro- 
nous) suj)i)h*e(l from the same system as is the stator of the frequency 
changer. In case the driving motor is synchronous, its fields may 
be o\'er excited to compensate for the lagging current of the fre- 
(|uency changer, and the power factor of the supi>ly circuit kept 
at a high value. 

At zero speed, it is evident that no power is required from the 
driving motor, and that a certain electromotive force is induced in 
the rotor circuit by transformer action. If the rotor is driven at 

* The ri'f|uirO'(l ciiani;c in tretiienry may be afTcctcd by means of a motoT-jxenerator 
sot, r.,;'., a twcnty-fivc c> clc m(aor (synchronous or induction) driving a sixlv-cvdc 
alternator. 

t This efjuation is only a{)f)ro.\imatc when current flows in Ihc windings, because 
of magnetic leakage and stator resistance. 
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synchronous speed backwards, and the current maintained at a con- 
stant value, the voltage of the circuit is doubled. But the in- 
creased voltage is due to the actual movement of the rotor (i.e., 
to generator action), and the increased power is supplied through 
the motor. 

Since there is no fixed relation between the number of phases 
supplied to the stator and the number for which the rotor may be 
wound, the induction machine may be used to change the number 
of phases as well as the frequency of a system. 

The chief objections to the induction frequency or phase changer 
are its poor regulation and low power factor, due to the large air- 
gap leakage reactance. 

The Induction Generator 

20. When the rotor of an induction motor is driven above svn- 
chronism, the counter-electromotive force of the motor becomes 
greater than the applied electromotive force, and the ix)wer compo- 
nent of current in the supply circuit is reversed, i.e., the motor acts 
as a generator and delivers current to the supply system. When 
so operated, an induction machine is not self-exciting, and must be 
operated in connection with synchronous apparatus from which 
it may receive its magnetizing current. 

If an induction motor, the rotor of which is driven alx)ve syn- 
chronism by an independent prime mover, is connected to a system 
supplied by an alternating-current generator (synchronous alter 
nator), the following effects are noted when the driving t()r([ue su^)- 
plied to the alternator is reduced to zero : 

(a) The alternator operates as a synchronous mentor. 

(b) If the field excitation of the synchronous machine is constant, 
the electromotive force of the system decreases as the load increases. 

(c) With constant rotor speed, the frequency of the system de- 
creases as the load increases. 

(d) The frequency of the system is proportional to the s]>eed of the 
s>Tichronous machine. 

(e) The electromotive force of the system is increased by in- 
creasing the field excitation of the synchronous machine. 

(/) The load on the system is proportional to the speed of the 
rotor above synchronism, i.e., above the speed of the synchronous 
machine. 
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21. Parallel operation of induction generators. — The relati' 
speeds of two or more synchronous machines connected to the san 
system must remain constant, the phase relations of the generate 
electromotive forces determining the ratio of load division.* Tl 
division of the load between two induction generators operating i 
parallel is proportional to the ratio of the deviation of the actui 
speeds of the rotors from the s}'nchronous speed. 

Since the speeds of two induction machines operating in parall 
need not have a constant ratio to each other, induction generate 
need not be synchronized but simply brought up to approximate 
synchronous speed, and the switch connecting the incoming machii 
to the system closed. After closing the switch, the load division 
adjusted, as in the case of synchronous machines, by manipulati 
the speed governing apparatus of the prime mover. 

22. Commercial applications. — The induction generator 1 

not, uj) to the present time, come into any extensive use t and m 

be considered as still in the stage of development. Theoretics 

it offers decided advantages when driven by water wheels, 

engines or other prime movers, the speed regulations of which 

not good. 

CHAPTER XIII — PROBLEMS 

1. The miiximuni torciue of an induction motor occurs when the slip i 
per ciMil. Find the ratio of tlic rotor resistance and the resistance that mus 
adiled to the rotor circuit so maxiinum torque is developed at startinj^. 

.\ol('. — The starting elTort of an induction motor is expressed in "sync 
nous watts" or "synchronous horse power," and is equal to the ix>\vcr 
wouhl be developed in the rotor if it were operating at synchronous speed 
developinj^ a lorfjue equal to that developed at starting. 

2. Kind the frefjuenc} o\ the rotor current in a lo-polc. 6o-cycle indu< 
motor when operated at a speed of: (fi) 720 r.p.m., {b) 600 r.p.ra., (c) 400 r.j 
((/.) TOO r.p.ni., if) o r.p.m. 

.V C'om]>are the efTic iencies of two inrluction motors, the full-load slip oi 
bein*; .\ per cent and that of the other S per cent. 

.\. A 400 hor-e-power, 440 volt , 00-cycle, 3-phase induction motor was U 
and the lollowing <lata obtained: s-...\.r .•nmnt Watts input 

;^ r phLsc JKT phase 

Without load 160 4000 

With rotor blocked 2250 225cxx> 

Stati^r resistance per phase ~ o.oiS ohm. 

Construe! the ciicle diagram. 

* Si-<f Chnpter •). Se<"ti(m i.'. 

t riiL- 5.}lh Sin'ot i)0'.\iT lioii.-o of tlie liitcrborou.Lili Raj>id Transit Co. .Xcw V 
has an in-talLiiion uf indiiciion -^vnoraior"^. So far as the writer has been able to 1 
this insfallalioii has been entirely satisfactory. 
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5. From the drde diagram of Problem 4 plot the following cun-es: (j) 
speed-torque, (b) efficiency, (c) power factor. 

6. From the drde diagram of Problem 4 determine the following when the 
output of the motor is 400 brake horse power: {a) current input, (b) torque 
tfcvdopedin the rotor, (c) power factor, (d) speed, (e) ** added" copper losses 
in sUtor, (J) rotor losses. 

7* From the drde diagram in Problem 4 determine: (a) the stator current 
nquiied to produce maximum starting torque, and the value of this starting 
effort in synchronous horse power, {b) the stator current and the torque when 
the power factor is maximum. 

8. Determine the synchronous speed of a 6<>-cycle induction motor having: 
(a) 2 poles, (6) 4 poles, (c) 6 poles, (d) 10 poles, {e) 16 poles, (/) 24 poles. 

9. Determine the synchronous speed of a 25-cyde induction motor having 
poles as indicated in Problem 8. 

la Determine the voltages induced in the rotor circuit of the motor in Prob- 
lem 2 when the ratio of the stator turns to the rotor turns is one, and the applied 
vdtaije is 230. 

II. A 6- and a lo-pole induction motor are operated in cascade, the 6 -pole 
motor being connected to a 6o-c>xle alternating-current circuit. Find the syn- 
chronous speed of the combination. 

Noie. — Vthen two induction motors are to be operated in cascade or con- 
catenation, their rotors are connected to the same shaft ; the stator of one motor 
B supplied directly from the line, and the stator of the other motor from the rotor 
ol the first motor. The motors may be connected in direct or in dilTerential 
cascade, and the synchronous speed of the combination is that of a single 
motor having the sum or difference of the number of poles on the two motors, 
and operated from a line of the same frequency as that to which the tirst motor 
in the cascade combination is connected. 

12. Find the voltage supplied to the stator windings of the io-ix)lc motor 
in Problem 11. 

13. Find the frequency of the current in the stator windings of the lo-pole 
motor in Problem 11. 

14. A 60-cycle alternator is direct-connected to a 6-pole, 25-cycle induction 
motor. Find the number of poles on the alternator. 

'15. An induction motor develops a starting torcjuc of 250 foot-[>oun(ls when 
the applied voltage is 60 per cent of the rated voltage. Determine the starting 
torque that would be developed by the motor if rated voltage were applied to 
the stator windings. 

Noie. — Since the fundamental equation of the induction motor is the same 
as that of the transformer (E = 4.44/<^.Vio-'*) with the addition of a winding 
constant, both the flux and the rotor current arc proportional to the applied 
voltage. Therefore, the torque of an induction motor is proportional to the 
square of the applied voltage, the slip of the rotor (the frequency of the rotor 
currents) remaining constant. 



CHAPTER XIV 

SINGLE-PHASE COMMtTTATING MOTORS 

I. Action of the shunt motor. — When alternating curr 
supplied to a shunt motor, two very noticeable effects take 
(a) the motor develops very little torque, (b) excessive spj 
occurs at the brushes. 

(a) Torque. — It is evident that if the current in the armat 
a shunt motor supplied from a single-phase alternating-a 
system and the flux set up by the field winding are in phas« 
attain their maximum and minimum at the same instant, a t 
varying from zero to maximum but always in the same dir 
is produced. The average torque of an alternating-current 
motor is proportional to the average product of the am 
current and the flux in the air gap, as in the continuous-c 
motor. 

When the field winding of a shunt motor is excited from an 
nating-current system, the current lags behind the electror 

^4t>p/,fderr7f force by a very considerable angle, the field < 

being highly inductive, and the flux has a corres 

ing lag behind the electromotive force. The 

r,e/jf,:x factor of the armature circuit being higher thai 

of the field circuit, the vector of armature c 

I'iG. 183. leads the vector of field flux, as shown in Fig. i 

Because of the phase relations of the armature current ar 
field flux, their product is negative during part of the cycl 
positive during the remainder of the cycle. The torque, the 
tends to rotate the armature first in one direction and tl 
the other, and the net torque producing, or tending to pr< 
rotation is the alge])raic sum of the average positive and ne 
torques during one complete cycle. If the angle 6 equals 90 d( 
the sum of the instantaneous torques is zero, and the armatu 
no tendencv to rotate. 

The torque of a shunt motor may be improved by connecti) 

armature to one phase, and the field to the other phase of c 

226 



Armafure 




SINGLE-PHASE COMMUTATING MOTORS 



227 



phase system. Such a machine is seldom used because of the com- 
plications involved, and the low power factor at which the phase 
supplying the field circuit must operate, and the fact that more satis- 
factory apparatus has been devised. 

(6) Sparking. — Commutation in an alternating-current motor is 
more complicated than in a continuous-current dynamo. Let the 
position of the armature of an alternating-current motor be that 
shown in Fig. 184, the armature coil c being short-circuited by the 
brush. The changing value of flux in the armature core causes 
the coil c to act as the short-circuited second- 
ary of a transformer in which the current may 
Ik many times the normal current flowing 
in the coil. This large current flowing in the 
local circuit, composed of the coil, the two 
•^wnniutator segments to which the coil is con- 
■•*cted, and the brush, causes excessive heating of the armature as 
*^ as destructive sparking when the brush passes from one com- 
"■"tator segment to another. 

2- The series motor. — When a continuous-current series motor 
'^'^rated with alternating current, the phase displacement between 
the armature current and the field 
flux largely disappears, since the 
same current flows in both wind- 
ings and the inductance of a series 
field winding is much less than 
that of a shunt Held winding, but 
commutation diflicuities still exist. 
The commutation of a series 
motor operating with alternating 
current is improved by: (a) re- 
ducing the flux density of the 
JJHgnetic circuit, (b) reducing the number of series turns per arma- 
ture coil, (c) reducing the frequency of the supply circuit, (c) special 
devices. 

f (a) Flux density. — For a given frequency, the average rate at 

which the flux changes is proportional to its maximum value, and 

the electromotive force induced in the short-circuited armature coil 

IS proportional to the rate of change.* The impedance of the 

* See Chapter 11, Section i. 




Pre. 185. The Series Motor. 



228 ESSENTIALS OF ELECTRICAL ENGINEERIXG 

short-circuit remaining constant, the current in the local drcui 
is proportional to the induced electromotive force. 

(b) Series turns, — Since the electromotive force induced in th 
secondary of a transformer is proportional to the number of serie 
turns,* the smaller the number of series turns per armature coii 
the less is the induced voltage. It might appear that reducin 
the number of turns in the coil reduces the impedance of th 
circuit in the same ratio, and that the current, therefore, remain 
constant; but the resistance of the brush, brush contact, commi 
tator bar, and connecting leads must be taken into account i 
calculating the impedance of the local circuit. 

(c) Frequency, — The rate of flux change is proportional to tl 
frequency, i.e,, the higher the frequency the shorter the time i 
which the flux must change from zero to maximum. The electa 
motive force induced in a short-circuited coil is, therefore, pr 
portional to the frequency of the supply system, and low frequenci 
tend to reduce commutation troubles. Series alternating-currei 
motors are seldom used on circuits having a frequency greater \hi 
twenty-live cycles per second. 

(d) Special devices. — While the above considerations of desii 
and operation materially reduce both heating and commutati( 
troubles, special devices have been found necessary to bring the 
within practical operating limits. The simpler (and more sati 
factory) of these devices are: (i) resistance leads connected b 

, , ^ , tween the terminals of the armatu 

coils and the commutator segments, ( 
balanced choke coils. 
^ y ^-1 ^1 ' 1 ' . ^x (i) Resistance leads. — If resistanc 

5..'jm ^j.^ connected as mdicated in Fig. lot 

Fig. 1 86a. Resibiancc Leads the local current is reduced correspon 

A, C\ Series Motor. j^^,^^, ^^^^^ j^ ^^^^ fl^^, through the C 

and two resistances connected in series. The load current mu 
also, tlow through these resistances and this would, apparent 
(iecrcase the cftu icncy by increasing the resistance losses. It is 
experimental fact that the introduction of resistance leads increa 
the efficiency, tlie increased loss due to the load current flow: 
in the added resistance being less than the decreased loss due to 
smaller current flowing in the local circuit. 

* Sec Chapter ii, Section 3. 
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'hoke coils. — The connections tor the use of choke coils are 
in Fig. i86b. The windings or each core are so related 
ar inductance is cumulative to 
rt-circuit current, but diffeten- 
he load current. This arrange- 
not entirely satisfactory because 
s balance for the load current 
en the current is equally divided 
I two coils, and for certain 
s of the armature, the coils 
ze each other, and become ineffective so far as the short- 
nirrent is concerned. 

impensation for annature inductance. — The inductance 
rmature winding may be neutralized by means of a " com- 
ig" winding connected as shown in Fig. 187. The com- 
pensating winding may be sup- 
plied with current: (a) inductively, 
(b) conductively. 

(a) Current supplied inductively. 
— If the compensating winding 
' is closed on itself (short-circuited) 
as indicated in Fig. 187a, the 
alternating tield flux induces in 
the winding an electromotive force, 
and the magnetic effect of the 
winding is appro.ximatclj' equal and 
opposite to that of the armature 
winding. The magnetic fields of 
the two windings, therefore, neu- 
tralize each other. 
trrent supplied conductively. — If the compensating winding 
;cted in series with the armature winding as indicated in 
7b, the same current flows in the windings. By properly 
!oning the compensating winding, and connecting it so that 
letic effect is opposite to that of the armature winding, the 
c fields of the two windings neutralize each other. 
imparisoQ of series motors. — The alternating-current and 
tinuous-current series motors differ in the following re- 




Fre. 187. 
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(a) The weight of the altenutiiig-cunait motor is fv 

one-half to two times that of the continuous-current mol 

,^, ing the same torque. 

(ft) The altematiiig-cuiTeE 
the larger number of armati 
(c) The altemating-auren 
the larger commutator, am 
number of s^ments. 
FKt. i8>. Oodk Dlignm, SeAet ((f) The entire magnetic c 
Motor. alternating-current motor is 

5. The repulsion motor. — When a continuous-currei 
is pla<^ in a magnetic field produced by an altematinf 
indicated in Fig. 189, the field wind- 
ing acts as the primary and the 
armature winding as the second- 
ary of a transfonner, and currolt 
flows between the short-circuited 
brushes for any position of the 
brushes except that shown in Fig. 
189b. when the algebraic sum of 
the voltages induced in the coils 
between brushes is zero. 







For the position indicated in Fig. 189a. maximum c\ 
between the brushes. This current tends to set up 
metrically opposed to that set up by the field windin 
magnetic effect of the field windings is largely oeutra 
torque produced by the reaction between any curre 
conductor and the field flux is neutralized by an equal 
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ite torque produced by some other armature conductor and the 
ame field flux. The armature has, therefore, no tendency to 
■otate. 

This equality of opix>site torques is destroyed, and the armature 
aused to rotate, by moving the brushes in either direction, the 
liiection of rotation being the same as the movement of the 
inisbes. It has been determined, experimentally, that maximum 
orque is developed when the angle 8 equals approximately 45 
I^ees. 

While the repulsion motor is little used commercially,* its good 
tarting torque offers means by which the single-phase induction 
notor may be made self-starting. The Wagner Electric Mfg. Co, 
nake a motor of this type in which the rotor structure, at starting, 
i essentially that described above. When the speed reaches a 
iredetermined value, a centrifugal device removes the brushes from 
be commutator, and short-circuits the commutator bars so that 
he armature conductors form a squirrel-cage structure. 

6. The compensated repulsion 
notor. — The so-called compen- 
ated repulsion motor is, mechan- 
cally, a series motor with the 
iddition of short-circuited brushes 
)laced in quadrature with the main 
Wishes, as indicated in Fig. 190. 
Wiile both series and repulsion 
Mtors have series characteristics, 
■(■, the speed tends to rise to an 
ofinite value as the load approaches 
»o, the compensated repulsion motor has shunt characteristics. 
uid its principles of operation are materially different from either 
ie series or the repulsion motor. 

The short-drcuited brushes of this type of motor cause the arma- 
Mre winding to produce a magnetic field which opposes and largely 
Witralizes the flux set up by the field winding. The current 
"nidi flows between the short-circuited brushes is produced by 
"Wsfonner action, as described for the repulsion motor when the 
""islies are in the position indicated in Fig. 189a. 

The current flowing between the main (series) brushes sets up a 

• CoBinutalion is inherently poor. 
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field at right angles lo the line joining the short-circuited b 
This flux, reacting with the current flowing in the armatu 
ductors by reason of the short-circuited brush connection, pi 
tile greater part of the torque of the motor, although some 
is doubtless protiuced by a reaction between the series-fic 
and the current between the main (series) brushes. 

As the armature speed increases, the counter-electromotiv 
induced in the conductors by reason of their motion redui 
current flowing between the short-circuited brushes a 
becomes less. Therefore, 
approximately constant, thei 
varies inversely with the speed 
armature and the motor has 
characteristics. 

7. The General Electric RI 
— The connections of the < 
■r>pe RI 
are shown in Fig. 191, and lypii 
formance curves in Fig. 192. From the curve sheet, it 




d tim 

the^l 





Typical Perfonnancc Curves of Tj-pe RI Motof j 

observed that the power factor is high for loads above 50 ] 
of the rated output, 

8. The Wagner BK motor. — The Unity Power Fac 
called by the manufacturers) single-phase motor of the 
Electric Mfg. Co. is a combination of the compensated r 
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motor and the single-phase induction motor. The armature has 
a squirrei-cage, as well as a commutatcd winding, as indicated in 
Fig- 'PJ- The electrical connections are indicated in Fig. 194, 





SqaltTst Cat* U) 



Fu, 19]. Section Through Slot oC Wagner Fig. 194. AVirin)- DiaKrnm Uit H'ag- 
"BK" Motor. ner "BK'MoWr. 

At Starting, the main field winding i induces, by tran-sformcr 
action, currents in the commutatcd winding 3, and thcst' currents 
flow between the short-circuited brushes 5 and 6. Similarly, cur- 
rents are induced in the squirrel-cage winding as described for the 
single-phase induction motor.* The series currents flowing in 
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Fig. igs. Perfonnange Curves of Wagner " UK " M.Hor. 

tie commutatcd winding 3 set up a flux, the dirccliim of wliich is 
t right angles to the flux set up by winding i. The airronts in 
he commutatcd and in the squirrel-cage windings react with this 
uadrature flux to produce a torque, and start the motor. As the 
p^sd of the motor increases, the sciuirrel-cage winding sets up a 
uadrature flux of its own, and <lev(;tojis a corresiKinding torque. 
• Sec Chapter 13, Si'ction 14. 
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The torque of this motor is, then, a resultant of two torques, one 
of which is maximum at starting and decreases as the speed in- 
creases, while the other is zero at starting, increases to maximum as 
the speed increases, and then decreases as the speed increases 
still further. 

The action of the auxiliary winding 2, is to improve the power 
factor of the motor. The switch 9 is open at starting, but is auto- 
matically closed by a centrifugal device at a predetermined speed. 

The performance curves of this motor are shown in Fig. 1 95 . The 
power factor will be observed to be 70 per cent leading at zero load, 
and approximately unity from 75 to 150 per cent of rated load. It 
will also be noted that the speed is very nearly synchronous at rated 
load, rises slightly above synchronism at no-load, and drops below 
synchronism as the load is increased above the rated capacity. 






CHAPTER XV 

ELECTRIC LAMPS* 

I. Arc lamps. — Arc lamps are largely used for lighting streets 
and other areas where a few large units are preferable to a larger 
number of smaller units. 

The basic principle of the arc lamp is the arc which is established 
when an electric circuit is interrupted. The heat of the arc causes 
one or both electrodes to be consumed, and the incandescent par- 
ticles emit a very intense light. Arc lamps may be classified as: (a) 
carbon arcs, (b) magnetite arcs, (c) flaming arcs. Carbon and 
flaming arc lamps may be operated on either alternating or unidi- 
rectional current; magnetite lamps on unidirectional current only. 
Arc lamps may be operated either in parallel or in scries. In 
parallel operation, the voltage is constant and the regulating mech- 
anism must maintain the proper value of current; in series oper- 
ation, the current is automatically maintained at a constant value, 
and the lamp mechanism controls the voltage between the terminals 
of the lamp. 

(a) Carbon arc lamps. — In this tvpc of lamp the electrodes are 
made of finely ground carbon mixed with a suitable binder, pressed 
into the form of pencils and baked. In the early lamps, the arcs 
were "open," i.e,, air currents circulated freely about the arc. The 
light from such a lamp is unsteady and the electrodes are consumed 
very rapidly. By enclosing the arc in a glass globe to which a very 
limited quantity of air is admitted, the flickering of the arc is materi- 
ally reduced, and the electrodes are consumed at a much slower rate. 
Because of these facts and the reduced fire hazard of the enclosed 
arc, open arc lamps are no longer manufactured. 

Fig. 196 shows the circuits of a lamp designed for parallel opera- 
tion. Regulation is accomplished by means of an electromagnet, 

• Problems in illumination are beyond the scope of this volume. For information 
regarding methods of calculating light densities, etc., the reader is referred to " Illum- 
ination and Photometry," by W. E. Wickenden. and *' Electrical Illuminating Engineer- 
ing," by W. E. Barrows, Jr. 
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igs of which are connected in series with the ari 

circuit is open, the core of the magnet drops to its lowet 

and the clutch releases the upper electrode, which then re 

r electrode as indicated. C 

lamp circuit, causes the magnet 

its core, raise the upper elect: 

"strike" the arc. 

The resistance of the circuit 
greater as the distance between 
trodes increases, and the mag 
proportioned that its pull bala 
Fis. ig6. Srhemniic Dinsram of a Spring, when rated curren 
the circuit. The core, thereto 
upward until this equllibriui 
corresponds to a fixed distance between the electrodes, 
lished. As the electrodes burn away, the length ol 
increases, the current in the circuit decreases, the pi 
magnet no longer balances that of the spring, and the c( 
downward, increasing the current and decreasing the 
the arc, until equilibrium is restored, Wlien the cor 
scended to its lower limit, the clutch releases the upper 
which drops into contact with the lower electrode, the re 

the circuit is reduced, and the increased 

current causes the magnet to sqiarate 
the electrodes again. The result of this 
process is the periodica! feeding of the 
upper electrode through the clutch by 
an amount equal, approximately, to 
the length of the arc. 

Since multiple arc lamps are usually 
connected to iio-volt mains, and the 
arc requires only from seventy to eighty 
volts, the lamp is provided with a ballast 
by means of which the line voltage is re- 
duced. In continuous-current lamps the ballast is re^ 
alternating- current lamps, reactance. 

The scries lamp (Fig. 197) has, in addition to the sen 
of the parallel lamp, a magnet connected in parallel with t 
so arranged that its action opposes that of the series magn 




Fig. 197. SdiematK 
Connections for Se 
Arc Lamp. (Diffi 

ttol.) 
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ouimt flows through the lamp, the series magnet raises the upper 
dectrode as in the parallel lamp, but as the length of the arc in- 
acases, the current in the windings of the shunt magnet increases, 
- and equilibrium is established at the length of arc at which the puU 
of the series magnet (constant) minus the pull of the shunt magnet, 
balances the pull of a spring. As the electrodes burn away, the 
effect of the shunt magnet increases, and equilibrium is main- 
tained by the changing position of the series magnet core. At the 
lower limit of the movement of the core, the clutch releases the 
opper electrode and It is fed downward as in the parallel lamp. 

In the series lamp, a bypass must be provided for the passage of 
the current in case the carbons bum out, or for any other reason the 
ire circuit becomes opened. This may be provided by means of a 
ihunt coil armature which closes the circuit through an auxiUary 
resistance whenever the voltage across the arc reaches a given value, 
which is always higher than that reached in normal operation. 
Should the arc circuit be re-established, the voltage between the 
terminals of the shunt winding is reduced, the armature of the 
dumt magnet is released and the auxihary circuit broken. 

(i) Magnetite {or "luminous") arc lamps. — The magnetite arc 
lamp is one of the results of the researches of Dr. C. P. Steimnetz of 
the General Electric Co., and has a fixed upper electrode * of copper 
and a movable lower electrode composed of - 
a mixture of magnetite (one of the oxides 
of iron) and titanium oxide encased in an 

r iron tube. This lamp is economical in 

f- power consumption and gives a brilliant 

'■ "white" light which is well distributed. 
Fig. 198 shows the circuits of a series 

I magnetite lamp, and its operating mechan- 
ism. Unlike the carbon lamp, the arc circuit ^^ ,^. Schematic Diagmu 
is open when the lamp is not in operation.f of Connections tor Series 
When the current is turned on, the starting Magneiite (Luminous) Arc 
r magoet closes the arc circuit by raising the ^^' 
I lower electrode into contact with the copper rod. The series mag- 
i net then attracts its armature and opens the circuit of the starting 

I * In the WeatinghouK magnetite lamp the lower electrode is fixed. 

I t If f^ "^ drcuit is not kept open the terminals weld or stick together, making 

' yt"t ii nt difficult or impossible. 
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magnet, allowing the lower electrode to drop and "strike" the arc. 
As the electrode burns away, the \'oltage over the arc increases until 
the shunt magnet attracts its armature, closes the circuit of the 
starting magnet, and feeds the lower electrode upward by a delinile 
step. In case the arc circuit becomes open, the shunt magnet closes 
the circuit of the starting magnet and the current flows through the 
starling magnet and its series resistance, so that the other lamps in 




{a) Complete. 
Fig. iQQ. G. E. Serii 



(&) Casing Removed. 
(Magnetite) Arc Lamp. 
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the circuit are unaffected by the burning out of an electrode, ot hf 
failure to feed properly. 

The mechanism of the magnetite lamp, when intended for paralld 
operation, is similar to that of the series lamp, with the omission "f 
the shunt magnet. The starting magnet raises the lower electrode 
and the series magnet breaks the circuit of the starting magnet, 
which allows the lower electrode to fall and strike the arc as in the 
series lamp. When the electrode has burned away to such an a- 
tent that the series coil is no longer able to hold its armature, the 
circuit of the starting magnet is closed, and the electrode fed upward. 

(c) Flaming-arc lamps, — The light of the flaming-arc lamp i* 
due to the luminescent vapor of metallic salts, the salts of calciuin 
(yellow light) and of titanium {white light) being those com- 
monly used. The electrodes consist, essentially, of a mixture o( 
carbon, the metallic salt, and an alkaUne salt. The purpose of the 
alkaline salt is to steady the arc and to prevent the accumulatioa 
of slag. 
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Hi^ eflSdency is obtained only by rapid consumption of the 
electrodes, the great length (14 to 24 inches) and small diameter {\ 
to I inch) of which make vertical mounting impracticable. The 
electrodes are, therefore, usually placed as indicated in Fig. 200, and 
fed downward by gravity, the mechanism holding them being re- 
leased by an electromagnet connected in parallel with the arc, when 
the voltage across the arc reaches a predetermined value. The 
electrical circuits of one of the simpler regulating mechanisms are 
shown in Fig. 200, and are similar to those of the diflferential carbon 
lamp described above. The electrodes are normally separated. 
WTien the circuit is closed, the shunt magnet pulls 
the points of the electrodes together (lateral move- 
ment of one electrode is pro\aded for), closes the 
arc circuit, and energizes the series magnet. The 
series magnet separates the electrodes, thus striking 
the arc, and equilibrium is established when the arc ^SS^Sf^ 
is from i^ to 2 inches in length. As the electrodes Fig. 200. Wiring 
bum away, the voltage over the shunt coil increases. Diagram Flam- 
while the current in the series coil tends to decrease ^^ * ^ ^^' 
(parallel operation), and equilibrium is maintained by an inward 
movement of the movable electrode. When the electrode reaches 
the limit of its movement, the shunt magnet causes the mechanism 
holdmg the electrodes to be released, and they are fed downward, 
reducing the length of the arc. The increased current in the wind- 
ings of the series magnet causes the electrodes to be separated and 
the arc is restored to its normal length. 

The short life (10 to 18 hours) of flaming-arc electrodes led to the 
development of the regenerative flaming-arc lamp, which is an 
adaptation of the flaming-arc principle to the enclosed lamp, and 

• 

^creases the life of the electrodes to seventy hours or more. Tubes 
through which the gases circulate conserve the heat, produce a more 
perfect combustion, and increase the efficiency of the lamp. The 
electrodes used in regenerative lamps, being shorter and of greater 
diameter than those used in the flaming-arc lamps, may be arranged 
Vertically as in the carbon and magnetite lamps. 

The flaming-arc is the most efficient of artificial illuminants, and 
pves approximately three candle power per watt. 

Arc lamps are always provided with air dash pots or some similar 
device for damping the movements of the electrode, which would 
otheirwise be jerky and irregular. 
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2. Instability of the electric arc. — The electric arc is inherently 
unstable when operated from constant potential mains, i.e., whca 
the arc is connected directly between the mains. Suppose an 
electric arc to be established between constant voltage mains, My 
slight decrease in the value of the current flowing in the circuit 
causes the cross-sectional area of the arc to decrease, increases the 
resistance of the circuit, and still further decreases the current; 
any slight increase in the value of the current flowing in the circuit 
causes the cross-sectional area of the arc to increase, decreases the 
resistance of the circuit, and still further increases the current. The 
effects of any momentary change in the value of the current flovp-ing 
in the circuit are, therefore, cumulative, and either cause the arc to 
"break," or the current to increase to an excessive value. 

Stable operation of the multiple arc lamp is established by means 
of the ballast (resistance in the continuous- current lamp and react- 
ance in the alternating- current lamp) referred to above, the opera- 
tion of which is as follows: If the current decreases slightly, the 
drop in the ballast decreases, and the voltage between the terminals 
of the arc increases; if the current increases shghtly, the drop in the 
ballast increases, and the voltage between the terminals of the arc 
decreases. The ballast thus produces a compensating change in 
the voltage between the terminals of the arc for any change in the 
resistance of the circuit (area of the arc). 

3. Power factor of the alteraating-cuneii' 

arc. — It is an experimental fact that the power 

factor of the alternating-current arc is less than l| 

unity, its average being about 0.85. Thislo* 

Fig mi Dbtortcd power factor is not due to a time lag between 

Current Wave of the the current and the electromotive force, but 10 

Electric Arc. distortion of the current wave. As pointed out 

in Section 2, the resistance of the electric arc is a function of the 
current flowing in the circuit, and the resistance of an alternating- 
current arc depends on the instantaneous value of the current- Fig. 
201 is a reproduction of oscillograms of tlie current and electromolivt 
force waves in an alternating-current arc. 

4. Incandescent lamps. — The incandescent lamp, which 
universally used for interior lighting, consists of a hair-like glamoit 
enclosed in a highly exhausted and hermetically sealed glass globe. 
The light of the lamp is an indirect effect, and is due to the fact that 
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the electric current raises the temperature of the filament to a 
"white" heat. The purpose of the globe, in addition to the me- 
dianical protection which it gives, is to retard oxidation of the fila- 
ment and thus increase the life of the lamp. Connection between 
the filament and the line conductors is made through short wires 
embedded in the glass. 

For more than twenty-five years after the incandescent lamp 
became a commercial article, carbon was practically the only sub- 
stance of which filaments were made, but within a few years carbon 
filaments have been largely displaced by those of metallic tungsten. 
The li^t produced by the tungsten lamp is decidedly superior to 
that of the carbon lamp, and approximately three times as much 
light is available from a given expenditure of energ}'. The per- 
fection of the tungsten lamp, which is sold under the trade name 
"Mazda," has greatly reduced the cost of electric light, and thereby 
largely increased its use. 

While the efiiciency of an incandescent lamp increases as the 
applied voltage is increased, the life of the filament is shortened. 
Lamps are rated at that voltage which has been found to give the 
most satisfactory results, taking into account both efficiency and 
length of life, and should be operated at this voltage. 

The temperature, and therefore the etTiciency, at which a tung- 
sten filament may be operated is materially increased when it is 
surrounded by an atmosphere of nitrogen. The nitrogen-filled 
tungsten lamp is now a commercial article and has an etViciency, in 
large units, as low as | watt per candle power. 

The incandescent lamp is a constant potential lamp, and is used, 
primarily, for parallel connection between constant voltage mains, 
although series lamps are used to a considerable extent in street 
lighting. 

5. The Nemst lamp. — The luminous element (glower) of the 
Nernst lamp is a hollow cylinder composed of oxides of some of 
the rarer elements (zirconia, yttria, etc.). The glower is a non- 
conductor at ordinary temperatures, and is heated to a conducting 
temperature by a coil of platinum wire connected in parallel with 
the glower. The circuit of the heating coil is automatically opened 
when current begins to flow in the glower circuit. 

The negative temperature coefficient of the glower makes the 
operation of the lamp unstable unless a ballast is connected in series 
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with the glower. The baJUut ool is mode of iron, the tenqwntisi* J 
coefficient of which is positive. I 

The glowers of Nemst lamps are always endosed, usual^ ^1 
alabaster globes which conserve the heat imd prolong the life cJ C^ 1 
glowers. The color effects of this lamp are good and the efBdes^l 
is high. 

6. The nwreory vipor lamp. — The mercuiy vapw lamp cc»<3 
usts of a highly exhausted glass tube containing a small qu<iatiC 
of mercury, which may be vaporized by an electric current. Tfl 
lif^t, which is due to the luminescence of the mercury vapor, ist 
entirely devoid of red rays. TIus absence of red rays causes 1 
colors to be distorted, but the light b very acceptable in draughting 1 
rooms, packing rooms, wjirehouses and other places where it^ 
peculiar color effects are not objectionable. There is now on the] 
market a phosphorescent reflector which adds red rays to the light 
emitted by the mercury lamp. 

lake the mercury rectifier, to idiich it is anabgous, the mercury 
v^x>r lamp, becaiise of its high resistance when cold, must be startd 
by an auxiliary device of some kind. Starting may be effected 
by tilting the tube tmtil the terminals are connected by liquid mer- ' 
cury through which the current flows, heating the mercury and fill- 
ing the tube with mercury vapor. The tube is tilted by hand, or 
by means of an electromagnet which is automatic in its action. 
Starting may also be accomplished by breaking an auxiliary circuit, 
the inductive kick from which breaks down the high initial resist- 
ance of the tube. 

Because of its low power factor, the use of the alternating-cur- 
rent mercury vapor lamp is objectionable. 

7. The quartz lamp. — The fundamental principle of the quartz 
lamp is the same as that of the mercury vapor lamp in that its light 
is due to luminescent mercury vapor. The pressure of the mercury 
vapor in the quartz lamp is materially higher than in the mercury 
vapor lamp, the temperature and the luminous intensity are cor- 
respondingly greater, and the light is not entirely devoid of red rays. 

The quartz lamp emits a considerable quantity of ultra-\iolct 
rays which are decidedly harmful to living organisms, and should 
not be used unless it is enclosed by a protecting globe. 

8. The Moore tube. — An application of the Geissler disc 
to commercial lighting is made by means of the Moore tube, wbicfa 
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^xxassts of a highly exhausted glass tube, of any length up to about 
200 feet, the luminous properties of which are due to an electric 
^Jisdiarge through rariiied gases introduced into the tube. The 
quality of the light produced varies with the mcxiium through which 
tte electric discharge takes place; carbon dioxide givers a light 
approximating daylight, nitrogen an orange tinted light, air a 
pinkish light. 

The operation of the tube depends essentially on the maintenance 

of the proper pressure of the rarified gas in the tube, the electric 

discharge forming a solid precipitate which reduces the pressure in 

the tube. As the pressure decreases the conductivity increases, and 

the increased current operates a valve which admits gas to the tube, 

and restores the required pressure. 



CHAPTER XVI 
CmCUIT-INTERRUPTING APPARATUS 

The circuit-interrupting apparatus of an electric plant b the 
means by which the generators and the load are connected and dis- 
connected, and includes not only the switches, but fuses and other 
circuit-breaking devices, and the auxiliary apparatus for their man- 
ipulation. The satisfactory operation of a power plant depends, 
in no small degree, on the proper selection, installation, and opera- 
tion of the switching gear and the protective apparatus. 

1. Fuses. — A fuse is a short piece of lead and tin alloy, of sudi 
cross section and so connected in the circuit that it is melted and 
the circuit opened when an excessive current flows. Fuses are either 
**open" or "enclosed.'' Enclosed fuses are to be preferred since 
the arc and the hot metal incident to the opening of the circuit are 
confined, thus reducing the fire hazard. 

The current at which a fuse will open a circuit can be determined 
only approximately because of external conditions, such as the 
temperature of the air, area of contact, etc. 

2. Switches. — Switches arc for the specific puri:)05e of con- 
necting and disconnecting the generator and the load apparatus, 
and may be divided into: (a) air-break switches, (6) carbon-break 
switches, ic) oil-break switches. 

(a) Air-break switches. — An air-break switch consists of one or 
more blades of copper hinged at one end and making contact at the 
other end with spring clips which form part of the circuit. As 
operating switches, i.e., for opening current-carrying circuits, air- 
break switches are used on small aj^paratus only, because of the 
burning of the contacts when the switch is opened; for completely 
isolating other apparatus from a *'live" line, they are universally 
used. 

(h) Carbon-break yiviiclies. — To protect the copper terminals o' 

an air ])reak switch, a circuit having carbon terminals is connected 

in parallel with the one having c()j)pcr terminals. In operating the 

switch, the copper terminals open first, without an arc, thus shunt- 

244 
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ing the current through the caifaon ctnrait aod protecting ibe copper 
contacts from injur}-. The oiboo tenntiuls, wUdi may be re- 
newed, are not so easily burned as are copper tenninak. 

(c) Oii-break su-iuhes. — For the man^niiation oi hi^ vcdtage 
circuits or those carrjing large cuneots, switches ha\-iQg their con- 
tacts immer^tti in oil are alwa\'3 used. 
The arc formed when the contacts are 
separated is promptly smothered by 
the oil without appreciable damage to I 
the contacts. 

Since a fuse cannot be dq>ende«i on 
to open a circuit promptly when the 
current exceeds a specified value, and 
must be renewed each time it operates, 
1 11 tomatically opening switches have 
I ictn demised for the protection of elec- 
' rical apparatus. .\n automatic switch 
I- closed against the pressure of a spring, 
ind is held by a latch. When the cur- 
runt exceeds a predetermined value, an 
electromagnet trips the lalch, and the 
^ ^ring opens the switch. Fic. J02. Triplc-polc, Singlo-ihrow 

The coils of the tripping magnet are NoQ-automaik Oil s«itth. Gcn- 
sl: (i) by the line current, the "^^ 
; of the magnet being connected in series with the load, 
ni) from an auxiliary source, the circuit through the coils of the 
net being closed by a relay connected In the secondary circuit 
■1 series transformer, as indicated in Fig. 205. The first method 
r » applicable to either continuous- or alternating-current circuits; 
I «ie second, to alternating-current circuits only. The current at 
[*fuch an automatic switch opens is adjusted by changing the length 
« the air gap in the magnetic circuit of the electromagnet, or the 
r by changing the tension of a spring. 
In many cases, particularly in motor operation, both automatic 
■switches and fuses arc placed in the circuit. The fuses are rated 
■%htly higher than the current at which the switch is set to operate, 
I ^ their purpose is to protect the motor in case the operating 
I iDKhanism of the switch becomes deranged. 
■ By the addition of an air dash-pot or other mechanical device, 
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s switcbes ha\'mg their con- 
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the tripping mechanism of an automatic switch is made less sen 
live to momentary overloads or surges, i.e., the switch opens 01 
after the overload has been maintain 
for a definite length of time, whi 
may be made inversely proportioi 
to the overload. Such de\'ices ; 
c e •, c^^^j known as time limit reIa)-3. 

|, a kL JL 3. Switch operation. — S wit chi 

operations in small plants maj' be di 
manually, but in larger plants ha 
operation becomes unsatisfactory a 
often impossible, because of the s 
of the moving parts, as well as dang 
Fic. 103. SccLion ihrough Typi- ous, because of high voltages. El 
cal Bus Bar and Switch Com- trical power is, naturally, used 
parim^iis. Westinghouse. ^ ^^^ operation of large switches. 1 
two methods of switch operation in general use are: (a) solenc 
(b) motor. 

(a) Solettoid-operakd rwiUhes. — Solenoid-operated switches 
quire the use of two solenoids, one for dosing the switch, the o^ 











Fio. 104. Diagram of Connections for FtO. 205. Diagram of Coonections S) 
Non-automatic Solenoid-operated Oil Automatic Motor - opeialed Oi 
Switch. Switch. 
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for opening it. In alternating-current plants the solenoids (F 
204) are usually supplied with continuous current from the eidi 
buses, and are energized only during the time the switch is open 
or closing. When the switch is to open automatically, it may 
closed against the pressure of a spring, and the opening coil repla 
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by a tripping coil which releases a latch, and allows the spring to 
ii[ien the switch. 

I'il Motor-operated switches. — In motor-operated switches, the 
J'liiil closing and opening of the switch is done by springs, the 
iunclion of the motor being to wind up the springs after each opera- 
'">n. Closing the circuit of a tripping coil or control magnet, auto- 
niaiically or by hand, operates the switch, the movement of the 

'"■di parts closing the circuit of the motor so that it winds up the 
-['fings ready for the next operation. Fig. 205. 

iluU'seye lamps, usually red and green, the circuits of which are 
"ptncd and closed by the movement of the switch parts, indicate 
"hfthtf the switch is open or closed. 




Typical Bench bo; 



:nl Elcclric Co. 



4. Switchboards.* — The switching apparatus and the indicating 
istruments of a plant are grouped and placed on slate or marble 
incls which are combined to form the switchboard, typical ex- 
nples of which are shown in Figs. 206 and 207. The arrange- 
ent oE the apparatus is a matter of convenience, indicating instru- 
ents being placed near the top of the board where they are easily 
ad; switch and rheostat handles at such a height as to be easily 



" For details of swiichboard 
aulact tiring com|iames. 



the reader is refeired to publication! ol 
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KEY TO SVMBOtS 



A = Ammeter, 

AS. -Tbree-way 

B,A.S. = Bell alarm awilch. 

C.T. ■= Current transformer, 

F - Fuse. 



0.5. 



= Oil s»ilch. 



Potential Transformw. ■ 

Poliphase wallhout meter. 

Terminal board for Mtondv 
leads from current tod p 
lenlial transformers 

Trip coil on oil switch. 
se Feeder Panels. Gcaenl 
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f operated; recoiding meters and other a{^>aratus requiring only 
f periodic or infrequent attrition, near the floor, and on either the 
front or the back of the panel. 

Electrical opoation of switches permits of maximum concen- 
tration of control a{^>aratus. Control wiring involves only low 
v'oltage circuits of small ampere capacity. The wires and apparatus 
are, therefore, of small size and may be placed close together. 
Control levers, indicating lamps, instruments, relaj's, etc., may be 
placed on a "bench" or control board (Fig. 20S) the location of 
which is entirely indq)endent of the location of the switches. 



CHAPTER XVII 



METERS • 



I. Ammeters and voltmeters. — Commercial ammeters and 
voltmeters operate, in general, on the same essential principles. 
The current- carrying coils of an ammeter consist of a few turns of 
heavy wire connected in series with the load apparatus; the cur- 
rent-carrying coils of a voltmeter consist of a large number of turns 
of fine wire coimected in parallel with the load apparatus. Volt- 
meter and ammeter connections are shown in Fig. 211, 

Ammeters and voltmeters may be classified as: (a) hot wire 
instruments, (6) permanent magnet instruments, (c) electrodjua- 
mometers, {d) soft iron instruments, (e) induction instruments. 

{«) Hot wire instruments. — The fact that an electric current 
heats the conductor through which it flows, and that the length ol 
the conductor varies with the temperature, are made use of in the 
design of hot wire instruments. The operation of such an instni- 
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Fig. 1 




ment will become clear from a study of Fig. 212. Since the cur- 
rent-carrying wire is always under tension, it tends to assume 
permanent "set" which destroys its cahbration. 

(b) Permanent magnet instruments. — In this type of instrument' 
a current-carrying coil is pivoted between the poles of a permanent 
magnet. When current flows in the coil, the reaction between the' 
magnetic flux and the coil produces a torque,! and the coil tends; 

* This discussion of melera Is necessarily very brief, but the 
even this short study will be found both interesting and profitable. For a dctutail 
discussion of the design, construction and operation of electrical meters and tbdttuh] 
itiary apparatus, the reader is referred lo "Electrical Meters," by Cyril M. Jaiakf. 

t See CliapUr i, Section 14. 
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to rotate, but its movement is opposed by springs and the coil 
assumes that position where the torque, which is proportional to 
the current flowing in the coil, is balanced by the tension of 
the springs. Because of its permanent magnetic held, this t\pe 
of instrument is applicable to continuous-current circuits only. 

The movable coil is often wound over an aluminum frame 
(Fig. 213) which acts as a supporting structure, and also tends to 
make the instrument "dead beat," i.e., to cause the coil to come to 
rest without a prolonged series of oscillations, the movement of 
the aluminimi frame in the magnetic field inducing currents in 
the frame, which oppose its movement.* 

(c) Electrodynamometer. — The electrodynamometer is similar 
in operation to permanent magnet instruments, the magnetic field 
being produced by a stationary' coil con- , _ 

nected in series with a movable coil. Be- 
cause of the varying strength of the 
magnetic field, the deflection of the mov- 
able coil is proportional to the square of 
the current, and the divisions of the scale 
are not imiform. The electrodynamometer 
is applicable to either continuous or alter- 
nating-current measurements. 

(rf) Soft iron instruments, — Soft iron 
mstniments mclude: (i) the plunger t>pe, ,^^,1,. ,,f ivrmancu Mag- 
in which a fixed ourrent-carrying coil and a net Ammeters and \'oit- 
movable soft iron plunger react to move a "^^^*^'"^- 
pointer over a scale as indicated in Fig. 214, (2) the magnetic vane 
type, in which the movable coil of the electrodynamometer is 

replaced by a vane of soft iron to which the 
pointer is attached. Soft iron instruments are 
cheap, and applicable to cither continuous- 
or alternating-current circuits, but are less 
Re. 214. Schematic accurate than other t>T)es. 
Diagxam of Plunger («) Induction instruments, — When a disc or 
Ammeter (or Volt- drum of copper, aluminum or other conducting 
™^^'^' material is placed between the poles of an alter- 

nating-current magnet, currents are induced in the metal by 
the changing flux.f By the addition of a *' shading*' coil, J as 

Ch^ter 2, Section 13. f See Chapter 2, Section 13. X See Chapter 13, Section 17. 





r 

^M shown in Fig. 217a, or of a transformer coil and an auxiiiar)' 

^1 winding, as indicated in Fig. 217b. a shifting flux is produced, 

^M and the reaction between this shifting flux and the cunents 

r 

r 
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Fic. 3IJ. Edgewise Permanent Magnet 
Voltmeter. Westinghouse Electric & 
JIfg. Co. 



fici. lib. Soft Iron Core AnuncLcr. 
(Without Case.) Weslingbowt 
Electric & Mfg. Co. 



induced in the disc or drum, causes the deflection of the latter 
against the tension of a spring.* Induction instruments are ap- 
plicable to alternating-current circuits only. 

2. Ammeter shunts.^ If 

the entire current output oi 
a large plant were to flo* 
in the coils of an ammeter, 
the meter would be both 
expensive and cumbersome- 
If the meter coil is connect«i 
in parallel with a resistant'- 
as indicated in Fig. 218a, tbt 
currents in the two brandies 
are inversely proportional to the resistances of the branches. I 
and the ammeter indication is proportional to the total current m I 
the circuit. 

Such a resistance, known as an ammeter or current shunl. s I 

used with practically all commercial ammeters intended for u* I 

* See Chapter 13, Section 17. 
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on coDtinuous-ciUTCDt circuits. On instruments indicating twenty- 
me ampieres or less, the shunts are enclosed in tlie cases of the 
'nsimments; for instruments of greater capacity, external shunts 
are usually used. Fig. iig. 

J. Series transformers. — 
On alternating- current circuits, 
Uit ammeter shunt is replaced 
byaseriesor "current" trans- 
former. If the primary wind- 
ing of a transformer is con- 
Decled in series with the load, 
as indicated in Fig. 2iSb, a 
certain fall of potential takes 
place when current flows in the 
■windings. This voltage drop is due to the impedance of the wind- 
ings, and is directly proportional to the current, the impedance 
of the windings being constant. Since there is a constant ratio * 
Ijetween the primary and the secondary voltages oE a transformer, 
tic secondary voltage is proportional to the current flowing in the 
primary cirtuit-t Therefore, if the impedance of the secondary 
•-ircuit is constant, the secondary current is proportional to the 
primary current. 
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19. Ammeter (Current) Shunt. Wagner Electric Mfg. Co. 



Series transformers, when designed for use with ammeters or 
Wattmeters, are usually so proportioned that the full-load secondary 
''"rrent is live amperes. If the instrument is not calibrated to 
^Md direct, the instrument indication must be multiplied by the 
ratio of current transformation. 



• See Chiipler 


la. Section 3. 
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Fic. 310. Voltmeter Connecliona. (oj Multi- 
plier. (6) Transiormer. 
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4. High voltage measurements. — The above types of instra 
ments are not adapted to the direct measurement of voltage 
above seven hundred volts. For measuring voltages higher thai 
this there must be used: (u) a multiplier, (6) a potential trans 
former, (c) a special voltmeter, 

(a) The multiplier. — A multiplier is a resistance connected ii 
series with the current-carrying coil of a voltmeter, or the volt 
meter element of a watt 
meter, and serves simply t( 
reduce the voltage that woulc 
otherwise be apphed to Oi 
terminals of the coil. Tbi 
resistance of the multiplic 
should bear a simple ratio ti 
the resistance between lln 
terminals of the voltincti-' 
with which it is to be used 
so that the voltage of ^' 
circuit is some multiple of the meter indication. The multiplie 
is applicable to continuous- or to alternating-current circuits 
Fig. asoa. 

(fc) The potential transformer. — The voltage of an altematiog- 
current circuit may be stepped 
down by means of a small potential 
transformer, the voltage of the 
primary circuit being the indication 
of the voltmeter multiplied by the 
ratio of transformation. Fig. 220b. 
(c) Special voltmeters. —The volt- 
age of a high potential system 
is determined by means of: (i) the 
electrostatic voltmeter, (2) the 
spark gap. 

(i) Tlie electrostatic voltmeter. — 
The principle on which the electro- 
static voltmeter operates is the attraction between two opposiW 
charged bodies. * The essential parts of the Weslingfiou* 
electrostatic voltmeter are shown schematically In Fig, iii. ^^ 




G. HI. Schematic Diagram of C*^ 
nectioM for Westinghousc SuW 
\'olLiiieter. 



* See Appendix C, Section 3. 
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curved metallic plates connected, through condensers, to 
conductors, the difference of potential between which it is 
xl to measure; and BB are hollow cylinders to which a 
er is attached. The position of the hollow cylinders changes 
e voltage between lines changes, and the scale is calibrated to 
volts. 
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Fig. 333. Sparking Disbinces. 
Standard Conditions: oo sewing needles. 
iS° Cenligrade. 
760 mm. baromctei. 
80% humidity. 
Sinusoidal voltage wave form. 

The spark gap. — The voltage required to break down the 
ance of the air between two needle points is approximately 
ant. If the distance between points at which the voltage of 
en line breaks down the intervening air is determined, the 
ge of the line may be determined by reference to a table or a 
:. Fig. 2JJ. 



258 ESSENTIALS OF ELECFRICAL ENGINEERING 

5, Wattmeters. — A wattmeter is a combination of a voltraettr 
and an ammeter operating on the same movable element, so that 
the deflection of a pointer is proportional to the product of the 
current in the circuit and the voltage between the terminals of 
the voltage coil. Two tj'pes of wattmeters have been developed: 
(ft) electrodynamometer, (&) induction, 

(a) Eleclrodynamomeler watlmeter. —~ The electrodj-namomeler 
wattmeter consists of a fixed coil of large wire (ammeter clement) 
connected in series with the load, and a 
movable coil of line wire (voltmetef 
element) connected in parallel with the 
load. The ammeter element sets up a 
flux with which the voltmeter element 
reacts to cause a deflection of the line 
whe coil,* and the deflection is pro- 
portional to the product of the currents 
in the coils, i.c., to the power in the circuit. This tjpe of watt- 
meter indicates the power in either continuous- or alternating- 
current circuits. Fig. 223. 



-AZ 



=r 



Fic. 133. Schematic Diaitru 
o( Dynamometer Waltmcler, 




(b) Induction wallmekr. — The induction wattmeter is identinll 
in principle with the induction ammeter and voltmeter describrf 
above, i.e., deflection of a pointer is caused by the reaction belwoo 
a shifting flux and the currents induced in a disc or drum. The 
ammeter element, which is wound with a few turns of hea\'y wire, 
has negligible inductance; the voltmeter element, which is wound 
with many turns of fine wire, has large inductance. The relations 
* Sec Chapter i, St-ctiaa 14. 
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of the fluxes are as rq>resented in Fig. 226a, tV., the flux due to 
the parallel winding lags behind that due to the series winding 
by the angle 6. 

The angle 6 in Fig. 226a is increased to 90 d^rees by means of 
an auxiliary or compensating winding which 
is a short-circuited winding similar to a - 

"shading coil," * except that it surrounds the 
entire pole. The compensating coil acts as 
the short-circuited secondarj' of a transformer, 
and sets up a flux the magnitude and phase 
relations of which are represented by OC in 
Fig. 226b. The flux in the magnetic circuit 
of the parallel winding is, then, the geometric 
difference of that due to the shimt coil and 
that set up by the compensatmg winding. ^^ 

By properly proportioning the compensating fig. 226. Vector Dia- 
windmg, a flux in exact quadrature with that grams of Fluxes in the 
set up by the series winding is produced. I'^d"<^°« Wattmeter. 
The resultant of these quadrature fluxes is a shifting or rotating 
flux, and a torque which is proportional to the product of the 
voltage of the circuit and the load amperes. Like other induction 
apparatus, the induction wattmeter is applicable to alternating- 
oirrent circuits only. 

That a properly designed wattmeter indicates the power in an 
alternating-current circuit when the load is either non-inductive 
or inductive is evident when the torque relations during a cycle 
are considered. In a non-inductive single-phase circuit, the torque 
IS constant in direction but varies in value from zero to maximum, 
and the wattmeter indication is proportional to the average torque. 
In an inductive circuit, the direction of the torque is not constant, 
and the wattmeter indication is proportional to the algebraic sum of 
^e average positive and negative torques. The current and volt- 
age remaining constant, it may be proved both mathematically and 
^rimentally, that the average net torque is proportional to the 
cosine of the phase angle.f The deflection of the movable system 
of a wattmeter is, therefore, proportional to the product of the 
current, the electromotive force, and the cosine of the angle by 

* See Chapter 13, Section 17. 
t See Chapter i, Section 28. 
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which the current leads or lags behind the electromotive force, i.e., 
to the power in the circuit. 

6. Polyphase wattmeters. — For the measurement of power in 
polyphase alternating- current circuits, polyphase wattmeters have 
been designed. The polyphase wattmeter is a combination of 
two or more single wattmeter elements acting on the same movable 
part, and each pair of coils is connected as if it formed an inde- 
pendent instrument. 

7. Watt-hour meters. — A watt-hour meter is a small motor, 
the speed of the rotating parts of which is proportional to the power 
in the circuit to which it is connected. The movable parts of such 
motors are made very light, and friction is reduced to a minimum 
by the use of jewel bearings. 

Watt-hour meters are divided into two classes: (a) commutator 
meters, (b) induction meters. 

(u) Commutalor meters. — Commutator watt-hour meters are 
similar, in principle and in action, to the continuous-current shunt 
motor, and are applicable to either direct- or alternating-current | 
circuits. The armature is wound of many turns of fine wire and 
is connected in series with a resistance, between the supply lines. 
The field, wiiich is produced by the series windings, is propor- 
tional to the load current, the magnetic circuit being in air. 

With constant electromotive force between the terminals oi 
the armature winding, the torque of the motor is proportional to 
the current flowing in the field windings. Therefore, to make tli^ 
speed proportional to the power in the circuit, the load on the moio*' 
(counter torque) must be proportional to the speed. This is aC 
complished by means of an eddy-current brake, consisting of a di&*- 
of copper or aluminum attached to the shaft of the motor, ar»*^ 
rotated between the poles of a permanent magnet. When current 
flows in the coils of the meter, a torque is produced, and the movable 
parts of the meter increase in speed until the driving torque »* 
balanced by the retarding torque of the permanent magnet and ih* 
eddy currents induced in the rotating disc. Since the lorquf 
producing motion is proportional to the power in the circuit tfl 
which the meter is connected, and the retarding torque is propor- 
tional to the speed of the rotating parts, the speed of the rotating 
parts is proportional to the power in the circuit. By means of i 
train of gears, the total number of revolutions made by the anna- 
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ture is recorded, the calibration being such that the meter reads in 
either watt-hours or kilowatt-hours. For a given load, the speed of 
the rotating parts of a meter is changed by changing the position 
of the permanent magnet, which is made adjustable. 

Friction between the moving parts of the meter and the support- 
ing bearing, which would disturb the torque-speed relations at 
light loads to a very considerable extent, is compensated for by the 
addition of an auxiliary held 
wnding connected in series with 
the armature winding, and so 
adjusted that when zero cur- 
rent flows in the series windings 
a slight jar causes the armature 
to rotate. If the field set up by 
this auxiliary winding is too Fig. 227. Schematic Diagram of Con- 
strong, the meter "creeps," i.e., ncctions for Commutating Watt-hour 

the armature rotates when the 

load circuit is disconnected; if the field set up by the auxiliary 

^ding is too weak, the meter does not register on light loads. 
The electrical circuits of a commutator watt-hour meter are 

shown in Fig. 227. 
W Induction meters. — The induction watt-hour meter is, in 

principle, a two-phase squirrel-cage 
induction motor, the quadrature 
fluxes being produced in the same 
manner as described for the induc- 
tion watt-meter. The squirrel-cage 
element of the induction meter is 
an aluminum disc or cup which also 
serves as the movable part of the 
eddy current brake, thus making 
the movable system of an induction 

Fig. 228 Schematic Diagram of Con- meter lighter than that of the com- 
mutator t>pe. The torque per unit 
weight is also greater. The neces- 
sity for friction compensation is, therefore, reduced, but is provided 
iy means of a "shading coil"* on the shunt winding. 

An induction watt-hour meter is shown schematically in Fig. 228. 

* See Chapter 13, Section 17. 
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Because of the principle on which it operates, the induction watt- 
hour meter is not applicable to continuous-current circuits. 

8. Recording or graphic meters. — It is often desirable to have 
a continuous record of the momentary fluctuations in the values of 
such electrical quantities as voltage, current, power, etc. Such 
records are obtained by means of a pen or pencil, the position of 
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Fid. 23(). Eltmenls of Polyphase InduclioQ Wall-hour Meier. 
Wcsunfihoiisc Elec. 4 Mfg. Co. 

which is controlled by the magnitude of the quantity to be re- 
corded, and a uniformly moving paper on which the pen or pendl 
traces a record. A detailed description of the mechanism of such ' 
instruments is beyond the scope of this work. 

g. The synchroscope. —The synchroscope or synchronism iniJi- 
cator is a device by means of which the phase relations of two 
electromotive forces and their relative frequencies are indicated. 

The synchronism indicator used by the General Electric Co. 
is, structurally, a small synchronous motor the field winding of 
which is connected to the bus bars. Fig. 230. The movable 
coils are connected to the incoming machine through a phasfr j 
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flitting device. There is, then, superimposed on the field set 
up by the movable coils, an alternating flux due to the station- 
ary winding, and the movable parts assume a fixed position which 
IS dependent on the phase relation 
between the electromotive force 
of the incoming machine and that 
of the bus bars, the frequencies 
of the two electromotive forces be- 
ing the same. Correct phase rela- 
tions for parallel connection of al- 
ternators (phase opposition) exist 
when the stationary (" shadow ") 
and movable pointers coincide. 

If the frequencies of the electro- 
motive forces are not the same, Fig. 230. Schematic Diagram of Con- 

a torque wbich causes the arma- "^^^^^"^ ^°^ ^^"^^^^ ^^*^^'^"»- Synchra- 

. t 1 rni ^ii»n^ Indicator. 

ture to rotate is produced. The 

direction of rotation is clockwise or counter clockwise according as 
the speed of the incoming machine is too fast or too slow, the rate 
at which the pointer rotates indicating the difference in the fre- 
quencies of the electromotive forces. 

The Weston synchro- 
scope operates on the elec- 
trodynaniomt'tcr principle, 
the movable element vibrat- 
ing instead of rotating. By 
reference to Fig. 231, it will 
be seen that the fixed coils 
are connected to the bus 
bars in series with a slightly 
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Fig. 231. Schematic Diagram for Weston 
Synchxoflcope. 



inductive resistance, and the movable coil to the incoming machine 

in series with a condenser. The relative values of the capacitance, 

the resistance and the inductance are such that the currents are in 

lact quadrature when the voltage of the incoming machine is in 

ihase, or in phase opposition, with that of the bus bars. Under 

Us condition no torque is exerted between the coils, and the pointer 

i at rest in the middle of the scale. 

When the electromotive forces are not in phase or in phase oppo- 
ti«j a torque^ proportional to the phase displacement, causes the 
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movable coil to be deflected, and the pointer is moved to the ri^t 
or to the left as the electromotive force of the incoming machine 
leads or lags behind that of the bus bars. 

If the frequencies are not the same, the phase displacement, and 
consequently the position of equilibrium, changes momentarily, 
and the pointer swings back and forth across the scale. The 
lamp, which illuminates the dial of the instrument, is so connected 
that it is dark when the voltages are in phase, and light when they 
are in phase opposition. Consequently, the pointer seems to rotate 
either clockwise or counter clockwise, the direction of af^rent 
rotation indicating whether the incoming machine is too fast or too 
slow, and the rate of apparent rotation, the amount by which the 
frequencies difler. 

10. Power-factor meters. — If the stationary coils of a synchro- 
scope are connected in series with the load apparatus and the mov- 
able coils between the supply mains, the position of the movable 
element depends on the phase relations of the currents in the two 
coils as explained in Section 9. Since the phase relations of the 
currents in the coils are dependent on the p)ower factor of the load 
circuit, the scale may be calibrated to read power factors. 

Tlie Weston pird'cr-fador meter, — The movable element of the 
Weston power- factor meter ditTers from that in the synchroscope 

in that it has two coils, the planes 

of which are at right angles. The 
stationary coils are connected in series 
with the load, or to the secondary 
ternunals of a series transformer, and 
the movable coils across different 
phases of a polyphase s}^stem or arc 
Ik.. 2^2. Schematic Diagram of provided with a phase-splilting device. 

Connections Idf Weston rower- Fig. 232. If the Current in the str- 
iae tor Meter, tionary coils is m phase with that 
in either of the movable coils, the plane of one movable coii 
coincides with the axis of the fixed coils; if the current in 
the fixed coil is not in phase with that in either of the mov- 
a])le coils, the nioval)le system is dellected, and the angle ol 
deflection is equal to the angle between the current in the sta- 
tionary coil and that in one of the movable coils, i.e., to the 
power-factor angle. 
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i^house power-faciOT meter. — The essential parts of a 
^use power-factor meter are: (a) a soft iron vane or 
■e of the sliape indicated in Fig. 233, (6) two or more angu- 
^laced stator coils which are connected, through series 
mers, with a polyphase sys- ^..^ 

a stationary potential coil, 

of which coincides with that 
■on vane. 

itator coils set up a rotating 
ch, when unaffected by other 
auses the armature to rotate, fio. 133. Schematic Diagram or 

.. I .1 1 _■ .. Westinghouse Power-factor Meter. 

ential cou polarizes the arma- 

i, at unity power factor, it assumes a position at right 
:o the stator coil, the current in which is in phase with 
■ent in the potential coil. When the power factor of the 
is not unity, the current in the potential coil is not in 
ith that in the stator coil, and the armature is deflected 
an angle equal to the angle of phase displacement. 
■hose power-factor meter. -^ The indications of a split-phase 
re, obviously, affected by the frequency of the circuit to 
t is connected. This difficulty is overcome by conncct- 
movable coils to a polyphase system, thus utilizing the 
; voltage displacement of such a system. The operation of 
instrument is In no other way different from that of the 
frn iitrdi split-phasc meter. 

11. Frequency meters. — 
Frequency meters indicate the 
frequency at which a system 
is operating, and are of two 
tj'pes: {a) vib rating-reed 
meters, (6) spHt-phasc meters. 
(a) Vibrating-reed meters. — 
If a series of steel strips, dif- 
Ji length and in inertia, are arranged in front of an 
ing-current magnet, as indicated in Fig. 234, those 
whose natural period of vibration corresponds to the 
::y of the alternating-current system are thrown into 
vibration, while the others are affected only slightly or 
aU. 






h 



MM] 
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ig Reed Frequency Meter. 
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(6) Split-phase meters. — Split-phase frequency meters 
essentially dilTercnlial induction voltmeters. One coil is 
nected to the mains in series with a non-inductive resbtanci 
its current is, therefore, practically independent of frequency 
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Fig. 235. Si;aiQnof Vibraiing'ReedFre- Fic. 336. Schematic Diagram « 
quency Meter Scale Showing Method nections for Induction tSptit-pl 
of IndicatioD. Frequency Meter. 

Other coil is connected to the same mains through an indu 
resistance which causes the current to vary as the frcqu 
changes. At normal frequencj", the torque of one coil is equal 
opposite to that of the other; as the frequency- of the sysler 
creases ordecreases the torquf 
no longer equal, and equilib 
is restored by a deflection 
movable element. Fig. 236. 
In the Weston frequency d 
two stationary coils arc i 
connected with resistances 
reactances so as to form a W 
stone bridge which, at nc 
frequency. Is balanced. A; 
frequency increases or decr( 
the bridge is unbalanced, a 
movable element of soft 
caused to deflect. The dec 
connections and the movable element of this meter are sho^ 
Fig. 238. 

12. Ground detectors. — A " ground " is a connection bet 
a current-carrying condtictor and the earth, which mate 
reduces the normal insulation resistance of the line. A 1 




. Wcstinghouse (Split-phase) 
Fretiucncy Meter. 
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I * a short-circuit is establiihei. Sir.vc :i line inay j-cciientally 

' l^ecome grounded at any time, it i> z-v-d practice to have on 

fte switchboard, instruments which incicjite the f^ct whenever the 

Stance between anv line and the earth becomes seriouslv re- 

duced. Such instruments are known a? "ground detectors. ' 

The static groimd detector operates on the s;ime principle a* 
the electrostatic voltmeter, i.e.. the attraction between two opjHv 
sitely charged bodies. Let .4 and C in Fig. :j;o be curved plates 
^^onnected to current-carr\'ing conductors, as indicateil: fi a plate 
Which is free to move about the pivot and which is connect eil. 
through a negligible resistance, to the earth. If the lines are 
equally insulated, equal and opposite forces tend to detlect plate 
'B*from its position midway between plates A and (\ If tlie lines 
^re not equally insulated, the equilibrium of forces acting on B is 
destroyed, and B moves toward the plate (.1 or C) which is con- 
nected to the line having the higher (.better) insulation, and the 
deflection is proportional to the relative resistances between the 
lines and the earth. 

• See Appendix C, Section 2. 
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The advantages of power transmission by means of the electric 
current are such that this method has practically superseded all 
other methods except for very limited distances. Within the last 
few years a number of large hydroelectric plants have been com- 
pleted, the power from which 
is transmitted one hundred 
miles or more at voltages up 
to 140,000. The transmission 
line is the connecting link be- 
tween the generators and the 
distributing network, and is 
usually run over a private 
right of way, the current- 
carrying conductors being 
supported by wooden poles 
or steel towers. Fig. 24* - 
Conductors of distribuUnj? 
systems are carried on poles 
or are placed in conduits 
underground. 

1. Conductors. — Copper 
wires or cables are almost 
universally used for the trans- 
mission and the distribution 
of electric power, although 
aluminum is used to sor.e 
extent Ijecause its lij^ht weight makes the number of supportii^ 
structures rcquirc<l a minimum. The sizes of commercial conduc- 
tors are expressed by their areas in circular mils, or by gauge 

• I'ur an pxli-nded discussion of transmission problems, Ihe <lclails of pole line design. 
etc., the reader is referred to "Overhead Klectric Power Transmission" by Alfred Still, 
and to "Elements of Electrical Transmission" by 0, J. Fetguaon. 
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numbers. The American Wire Gauge (A. W. G.), often termed 
Bro™ & Sharpe {B. & S.). b universally used in the United States. 
A characteristic of the A, W. G. which makes it easy to ap- 
proidinate the area corresponding to any given gauge number 
without the use of a wire table, b the fact that No. 10 b approx- 
imately 0.1 inch in diameter and has an area of approximately 
10,000 circular mils, and that the area halves or doubles, approx- 
imately, for each three gauge numbers, i.e., No. 7 has an approx- 
imate area of 20,000 circular mils while No. 13 has an approximate 
iirea of 5000 circular mils. Gauge numbers and areas of wires, with 
[heir weights and resistances, are given in Table VI. 

2, Insulation. — For many purposes it is required that current- 
carr\ing wires be covered with some insulating material. The 
amount and the quality of this insulation depends on the use for 
niich the conductor is intended, and may consbt of: {a) a cotton 
Itraid, (6) a cotton braid impregnated with a liquid compound 
which dries and becomes hard, (c) a coating of vulcanized rubber 
over which, as a mechanical protection for the rubber, b wound a 
braid having a polished surface. Rubber insulation is required for 
all interior wiring by a rule of the National Electric Code (N. E. C), 
which has been adopted by the national engineering societies as 
well as by the National Board of 
{yjj Fire Underwriters. 

Wires and cables intended for 
underground use are thoroughly 
insulated, then covered with a 




i& 



.1 Suspcnaiun Insuljluc. 'bi I'in Inaulalor. 

F[C. 2+1. Line Insulators. The Ohio Brass Co. 

continuous moisture-proof lead sheath over which may be wound 

a braid, or other mechanical protection. 

For insulating aerial conductors from their supporting structures 
glass or porcelain insulators are used. Two types of line insulators 
are in general use, illustrations of which are shown in Fig. 241. 
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Pin-type insulators are generally used for voltages up to 66,a»; 
suspension tj-pe for voltages greater than this, 

3. Carrying capacity of conductors. — The current which an 
insulated conductor may safely carry is limited by the temperattiic 
at which the insulation softens, or by reason of which its insulating 
properties deteriorate. The maximum current allowed by the 
N, E. C, is given in Table VII for rubber and for other insulaliuns. 

4. Inductance. — A magnetic field which opposes* any change in 
thb value of the current is set up around any current-carrying coa- 
ductur.t Alternating-current circuits are, therefore, subject to an 
inductance which varies with the distance between the conductors 
and with their size. Inductances for different sizes of wires and lor 
dilTerent spacings are given in Table VIII, the values being those 
obtained by the following formula: J 

L = 0.03028 + 0.282 logiQ— r ' (0 

a 

when L = the inductance in millihenries per 1000 feet of two- 
wire circuit (2CXXJ feet of conductor), 
D = the distance between wires in inches, 
d = the diameter of the wires in inches. 
The inductance of each wire in a three-phase system is one-hatf 
that of the loop formed by any two of the three conductors. 

5. Capacitance. — Two or more metallic conductors | separated 
by air or other insulating material, form a condenser, the effect of 
which is to cause a leading current to flow in an alternating- 
current circuit. The value of this leading current, termed ihe 
charging current, is proportional to the applied voltage, to the 
capacitance of the circuit, and to the frequency. 

/„ (smgle phase) = 2 tt/EC io~*, (i) 

t/£C tq-^ 



/, (three phase) = 



V3 



(3) 



when E = the line-to-line voltage, 

C = the capacitance in microfarads, I 

/ = the frequency of the supply circuit, I 

/, = the charging current. 

* Because of the cleclromntivc force induced in the conductor when the magnelic 
field changes. 

t See Chapter »,' Section 3. t See .\ppendi( B, Section i. | See Appendix C, 
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The capacitance of a transnusaon line varies with the distance 
between the wires, with their diameter, and with the nature of the 
insulating material between the conductors. The capacitances 
given in Table IX were calculated by means of the following for- 
mula:* 

C = ^:22fe, (4) 

when C = the aq)acitance in microfarads per 1000 feet of two-wire 

circuit (2000 feet of conductor;, 
D = distance between wires in inches, 
d = diameter of conductors in inches. 

6. Skin effect. — Wlien an alternating current flows in a con- 
ductor, the current density over the cross-sectional area is not uni- 
form, but increases as the distance from the center of the conductor 
increases. This is the "skin" effect, and increases the resistance 
losses in the conductor. The increase in the resistance of a con- 
ductor to alternating currents as compared with its resistance to 
continuous currents is a fimction of the product of the area of the 
conductor and the frequency of the alternating current. The 
skin effect is negligible when the product of the area of the con- 
ductor in circular mils and the frequency does not exceed 30,000,000, 
or, for commercial frequencies, when the diameter of a conductor 
is not greater than three-quarters of an inch. 

7. Line calculations. — The inductance and the capacitance of 
a transmission line are made up of an infinite number of induc- 
tances and capacitances uniformly distributed over the system. 
An exact solution of such a system involves equations too compli- 
cated for practical use, but an approximate solution giving fairly 
iccurate results is easily made when the capacitance is assumed to 
ye concentrated, e.g., one-half at each end of the line. Let 

El = the voltage at the terminals of the load, 
Ed = the voltage drop in the line, 
E = the voltage at the terminals of the generator, 
// = the load current, 

le = the charging current due to the capacitance at the load 
end of the line, 

* See .\ppendix C, Section 9. 
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/ = the line current, 
L = the inductance of the line, 
R = the resistance of the line, 
cos ^ = the power factor of the load circuit, 
<t)' = the angle between Et and 7, 

8 - tan ' -^. 

The relations between £,, 7, and 7, are known, and their vectors 
may be plotted as shown in Fig. 242, and the value of 7 and that 
of the angle 0' determined. 

7 = 




7 * 



^ ^7,* cos* + (7, sin 4, — I,)-, 

. _, 7(Sin^ — Ic 

= tan i-'--—^ S 

7, cos* 



also. 



Ei = IVIP + u^L\ (7) 

Adding, vectorially, the line drop and the load voltage, the \olt- 

age at the generator terminals is obtained. 

E = V[E, + E, cos (e - *')]- + £= sin" (ff - <f') ■ (8) 

Problem — Single phase. — 500 kw. are to be transmitted a dis- 
tance of 20 miies, the voltage at the load end {primary terminals 
of step-down transformers) is 25,000, the frequency is 25, and the 
power factor of the load circuit is 86.6 per cent. Find: (a) the 
drop in the line, (b) the voltage at the generator terminals, 
C = 0.00155 X 5-28 X 20 = 0.1637 microfarad. 
7c = 2 IT X 25,000 X 0.1637 X 25 X 10 = 0.64 ampere. 
L = 0.694 X 5.28 X 20 X 10 = 0.073 henry. 
tiiL = 0.073 X 157 = 11.26 ohms. 
R = 0.3258 X 20 X 2 = 13.03 ohms. j 

500,000 



25,000 X 0.866 



= 23.1 amperes. 



7, = 

.7 = V(23.i X o.866f + (23.1 X 0.5 - 0.64)" = 2J.8 amperes. 

Ej = 22.8 ^(13. 03)' -I- (11.26)* = 392 volts. 

S = tan"' 0.864 = 40" 50'. 

.1 . -1 11-6 — 0.64 
tt> = tan ' - 
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If greater accuracy is required, the charging current may be 
taken as that due to the mean voltage on the line, and a second 
approximation made. This is, however, seldom necessary as it is 
only at very high voltages, or over long distances that the capaci- 
tance of transmission lines becomes very marked, and, in many 
cases, it may be disregarded entirely as having no appreciable 
effect on the voltage regulation of the line. 

ProbUm — Three phase. — 2000 kw. are to be transmitted over a 
distance of 20 miles, the conductors used arc 000 spaced 48 inches 
apart, the voltage at the load terminals (line to line) is 25,000, the 
frequency is 25, and the power factor of the load circuit is 86.6 per 
cent. Assume the capacitance to be concentrated at the ends of 
the line. Find: (a) the drop in the line, (i) the voltage between 
the generator terminals. 

C= 0.00155 X 5.28 X 20 = 0.1637 microfarad. 

y 4T X 25^X 2j,ooo X 0.1637 X io~^ 

Ic = "^ "^ — 7= ^'- = 0.37 amperes. 

J. 0.694 X 5.28 X 20 X io~^ , 

L = — ^ "^ — = 0.037 henry. 

uL «= 0.0 37 X 157 = 5.75 ohms (per line). 
i? = 0.3258 X 20 = 6.5 ohms (per line). 

2,000,000 

' "" 25,000 X 0.866 X V3 ~ ^'^'^ amperes. 
^ =^^(53- 5 X 0.866)^ + (53-5 X 0.5 - 0.37)2 = 53.3 amperes. 

J^d = 53-3 ^(6.5)^ + (5-75)* = 454 volts. 
e = tan-^ 0.8847 = 41° 30' 
0' = tan~^ 0.569 = 29° 40'. 
e - <t>' = 11° 50'. 



£ = v/(^^ + 454 X 0.978)" + (454 X 0.205)= 

= 14,895 volts from line to neutral 
« 25,768 volts from line to line. 

8. Distributing systems. — The distributing systems in common 
use at the present time are: (a) series, (h) parallel, (c) series- 
parallel, (d) multiple wire. 

(a) The series system. — In the series system the entire current 
flows successively in each piece of apparatus, the voltage varying 
as the load changes, and the current remaining approximately 
constant. It is largely used in alternating current street lighting 
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installations in connection with a constant-current transformer, 
either with or without a mercury arc rectifier. 

(b) The parallel system, — The parallel system is the one com- 
monly used in supplying motors and incandescent lamps. The 
current divides before reaching the lamps or the motors, so that 
the current flowing in one piece of apparatus may be greater or 
less than that flowing in another piece. 

(c) Series- parallel system, — It is undesirable to increase the 
voltage of a distributing system above that required to operate 
about one hundred arc lamps connected in series. Therefore, in 
large installations, the lamps are connected into series groups, and 
these groups are connected in parallel, each group, if the supply is 
from alternating-current mains, being supplied through a constant- 
current transformer. 

(d) Multiple-wire systems. — When the power in a system is con- 
stant, the current decreases as the voltage increases. If the line 

loss (RP) is constant, the resistance 
of the conductors is four times as 
great when the voltage of the system 
is doubled, e.g.y the cross section (or 

Vu.. 243. The Rotary Converter ^^eight) of Wire USCd in a 220-Volt 
as a Three- wire Balancer. ' , i A 

system is only one-quarter that u?oa 
in a 1 10- volt system, the line loss and the total power delivered be- 
ing the same in each case. This fact has led to the development of 
multiple-wire systems which effect a large saving in copper without 
increasing the voltage between terminals of the load apparatus. 
The only one of these multiple-wire systems in extensive use is that 
using three wires, a greater number of wires adding undesirable 
complications in both the generating and the distributing system. 

The simplest application of the three-wire system is in connection 
with an alternating-current system where the third or neutral 
wire is connected to the middle point of the secondary winding 
of a transformer, and the load is connected . between each of the 
main wires and the neutral.* 

The application of the three-wire principle to continuous-current 
distribution requires the use of: (i) a rotary converter and induc- 
tance coils, (2) a special generator, (3) a motor-generator balanc- 
ing set. 

* Sec Chapter 12, Section 2. 





POWER TR.ANSMISSION AND DISTRIBOTION 275 

(r) Rotary converter. — If the rings of a rotary converter are 
connected through suitable inductance coils, as indicated in Fig. 
14J, the converter armature acts as a balance, and the voltage 
between either main and a neutral connected to the junction of the 
indoctance coils is approx- 
imately equal to one-half '"X,*^^ j p 
that between the mains, 
whatever may be the relative 
value of the currents in the 
mains. 

(2) Tkree-wire generators. 
— Three-wire generators are 
essentially rotary converters, 
the neutral connection to the armature being made through an 
auxiliary winding or through inductance coils. 

The armature of the Crocker-Wheeler three-wire generator carries 
three auxiliary windings which are star-connected to the main 
winding and to a single collector ring, 
as shown in Fig. 244. The Triumph 
Electric Company's three-wire gen- 
erator makes use of star-connected 
external inductance coils. 

(3) The motor-generator balancer. — 
FI0..4S. Motor^encratot If two similar shunt dynamos are 
BaUncerSeL , , , . , 

mounted on the same shaft and con- 

"Wted as indicated in Fig. 245, a three-wire system is produced. 
The action of a balancer set is as follows: As long as the load is 
"^liQced, i.e., equal currents flow in the main wires, zero current 
flows in the neutral, and the currents in the armatures of the 
''^cer set are equal. When the currents in the mains are un- 
''lual, their difference flows in the neutral, and the current in the 
^^iDature connected between the neutral and the main carrying 
'he smaller current increases. This increased armature current 
'^Uses the speed of the armature to increase, and the other 
"ynarao is driven as a generator. The speed of the balancer set 
■leases until equilibrium is reestablished, and the voltage between 
^ main and the neutral is automatically maintained at a value 
sjual, approximately, to one-half that between the mains. Neg- 
Jecting the losses, the armatures of the balancer set are required 
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to carry the current flowing in the neutral wire, and this curra 
divides inversely as the voltages between the neutral and the ma: 

The voltage regulation of a three-wire system is improved 1 
the use of compound balancers, the series field windings bemg : 
connected that the motor is differentia! 
wound and the generator cumulative 
wound. 

g. Voltage regulation of parallel sy 
terns. — For the satisfactory operatii 
of incandescent lamps the electromoti' 
force between the terminals of the lami 
must be maintained at an approximate 
constant value. It is not difEcult 
design a wiring system for a group 
lamps that is operated as a unit, i.e., J 
the lamps in the group are either Ugbl 
or not lighted, but to design a wiring system for the same groi 
of lamps, any part of which may be in use at a given time, nu 
be a rather complicated problem. 

The general problem is to determine the center of dislribulii 
(the center of gravity) of the group, at which the voltage should 
maintained constant by means of feeder regulation, and to propt 
tion the wiring between this center and the individual lamps, 
that the variation of voltage at the most disadvantageously si 
uated lamp never exceeds the allowable limits. 

To meet the requirements of a distributed load, various wirii 
schemes have been devised, their object being to minimize the d 
ference in voltage between the terminals of different lamps in t 
group. Some of these schemes are indicated in Fig. 246. 

10. General wiring formulae, ^ The following expressions w 
be foimd useful in the solution of wiring problems: 
p 
' for single-phase or continuous-current circuit 



£ X cos 



w 



V^EX cos ^ 



for two-phase circuits. 
for three-phase circuits. 
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„ 21.6 X D XI Xk f ^. 11, 

£i= "— : lor continuous, single-phase or two- 

C.M. 

phase circuits. (12) 

r. 18.7 XDXl Xk , ^, , .., ,x 

= — — 77T7 lor three-phase circuits. (13) 

when C.M. = the circular mil area of the conductor used, 
D = the distance of transmission in feet, 
E = the line voltage at terminals of the load, 
Ed = the volts lost in the line. 
/ = the line current, 

k = the impedance factor ( - -\- - ) . (Tables XV or 

\ resistance / 

XVI.) 

Cos <f> = the power factor of the load circuit, 

P = the total power (watts) delivered to the load circuit. 

Example, — 30 k.w. are to be transmitted over a distance of 500 
f^t, the voltage at the terminals of the load is 440, and the fre- 
quency is 60, single-phase. Find the drop in the line when No. 4 
Wires spaced 18 inches apart are used, and the power factor is 0.85. 

y 30,000 o 

/ = — '^— — — = 80.2 amperes. 
440 X 0.85 

j^ , 21.6 X 500 X 80.2 X 1. 12 ,. 

Ea = ^ =23.2 volts. 

41,740 

Example, — 100 k.w. are to be transmitted a distance of 300 feet 
at a voltage of 440, a frequency of 60, a power factor of 0.85, three- 
phase. Find the size of wire required, the line drop not to exceed 
4 per cent. 

r 100,000 

/ = -— = • — - = IS5 amperes. 

V3 X 440 X 0.85 ^^ * 

From Table VIII the minimum size wire allowable is No. i the 
area of which is 83,690 cm. 
Substituting in equation (13) 

^ __ 18.7 X 39 X_i5i_X2.37 _ J 

^ " 83,690 " '^-^ ^""^^^^ 

which is within the allowable limits and should be used. 



278 ESSENTIALS OF ELECTRICAL ENGINEERING 




I'lO. J47. Mcrshon's Diagram. 

II. Mershon's diagram. — Graphical solution of altei 
current distribution problems may be made by means of Mei 
diagram * Referring to Fig. 247 let 

the radius of the smallest arc represent the voltage at the ct 
the feeder, or at the center of distribution; 
AB represent the resistance drop in Uie line, expressed | 

centage of the delivered voltage; 
BC represent the reactance drop in the tine, expressed a 
centage of the delivered voltage. 
' OriginalciJ by Kalpb D. Mershon, Pagt- President of ihc Americaa I 
Electrical Engineers. 



TKA3SlfISSiaK AXD DZSTKEmOX 2;t> 



Lay ofiF AB bc^^nmii^ at a paizit A ai j a c tht Joc cats tlie v«rd- 
cal represaiting the paver tactor of liie jo&d drcml: lay vffi BC 
perpendicular to AB^ as indirarfri in the diagram. The geDerator 
voltage is indicated by the position of the point C aad may be read 
directly from the diagram. The pov^er iacUK- of the feeder circuit 
is detennined by the point C where a fine diavn from C to the 
origin cuts the arc 

13. Feeder r^;iilatioo. — When several feeders take current 
from the same bus bars, it is desiraUe to be able to regulate, 
independently, the feeder voltages. Feeder regulatkm may be 
accomplished by the use of: (a) boosters, ^b^ auto-transformers, (c) 
induction r^ulators. Auto-transformers and induction regulators 
^c applicable to alternating-current circuits only; boosters are 
nsed on continuous-current circuits. 

(fl) Boosters. — A line booster consists of a series generator driven 
by a shunt motor, or other aHistant-^>eed engine. The armature 





SmifcM 



Atttm- 



FiG. 248. Diagram of Booster Fig. 249. Diagram of Comiections for 

Comiectioos. Auto-transformer Feeder Regulator. 

tod the field of the generator are connected in series with the load, 
*s indicated in Fig. 248. The voltage of the generator is propor- 
«onal to the current flowing in the feeder and is added to the 
^bar voltage, and any desired increase in the voltage may be 
obtained by properly proportioning the booster field. 

Because of the addition of two rotating machines, the efficiency 
tf the system is reduced and the operating complications greatly 
Dcreased. 

{b) AuiO'transformer. — If an auto-transformer is connected as 
idicated in Fig. 249, the number of effective turns in the secondary 
pends on the position of the switch. The Stillwell regulator 
lerates on this principle, and is provided with a reversing switch so 
it the secondary voltage may either " boost " or " buck " that of the 
s bars. This type of regulator changes the Voltage by definite steps. 



iSo 



ESSENTIALS OF ELECTRICAL ENGINEERING 



(c) Induction regtUators. — The induction regulator is, ( 
an auto-transformer in wiiich the angular relations of tW 
and secondary coDs may be changed. 



(4) Stationary l^ore. 




k 



(c) Complete. 
Fig. 350. Sis-phase, Motor-opcnited Induction Regulator. Generals 

Structurally, the polyphase induction regulator resem' 
polj-phase induction motor with a wound rotor. The 
windings, equal in number to the number of phases in t 
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00 which it is to operate, are symmetrically placed in slots on the 
surface of a movable laminated iron drum (Fig. 150a). and are 
rannected between the lines of a poh-phase system. The secondary 
findings are symmetrically placed in the slots of a stationary core 
(Fig. 150b), and are connected in series with the load apparatus. 

The primary windings set up a rotating flux which induces a con- 
stant electromotive force in the secondary windings. The feeder 
wltage is the vector sum, or difference. 

of the bus-bar voltage and the voltage _j^ji^\^_2;^'^ 
induced in the secondary winding of the f^'^i^ . 

nsulator. Since the phase relation of Km. :5i. ciDck Diigram of 
the bus-bar voltage and the induced Poi>Tih:ise induciijn Klsu- 
seooDdary electromotive force depends on '""*' ^ oUiiKes. 
the angular position of the movable coils, the bus-bar voltage may 
ht raised or lowered by an amount equal to the secondary voltage 
0/ the reffulator. Fig. 351. 

The single-phase induction regulator differs, Ijoth in principle and 
in structure, from the polyphase regulator. \ schematic diagram 
of the single-phase regulator is shown 
in Fig. 25J. The voltage induced in 
the secondary coil is proportional to 
the cosine of the angle & between 
the axis of the primary coil and that 
of the secondary winding. The in- 
duced electromotive force is, there- 
fore, zero when the coils are at right 
Fig. 3SI- Schematic Diagtain of angles. Since the flux set up by the 
Single -phase Induction Rfgu- primary coil passes through the sec- 
ondary coil in one direction when the 
angle ^ is less than 90 degrees, and in the opposite direction 
when the angle is greater tlwn 00 degrees, the induce<i electro- 
motive force is in phase with, or in phase ojjpo ^ition to, the bus-bar 
voltage as the angle Q is greater or less than 90 degrees. 

The short-circuited winding which is placed at right angles to the 
primary coil reduces the reactance of the secondary winding;, and 
thus improves the power factor of the feeder circuit. By reas -n of 
their angular relations, the elTect of the short-circuited coil increases 
as that of the primary winding decreases. 

Feeder regulators are operated either by hand or by motor. 





38a 

Whoi motor operated, the rcgulatkn may be made wttooK 
means of a contact-maluiig voltmeter iriiidi canws the motor ■ 
to be closed when the voltage becomes either too hi^ or to 
13. Reculatfaigeffectof acooitanttr-ezcttsdvynditDiioaai 
— It was shown m Ch^ter 9 that the power faxtor of a ^ 
nous motor depends on the relative values of the ^^died ai 
counter-electromotive force. Let the field exdtatioa of a syi 
nous motor at the end of a feeder be sudi that the power tat 
the feeder circuit is tmity. If the load increases, the vdtage 
terminals of the motor drops, the current leads the dectiu 
force, and the leading current tends to increase the voltage 
former value; if the load decreases, the voltage at the teimn 
the motor increases, the current lags behind the electromotive 
and the lading current tends to decrease the voltage to its i 
value. The tendency, therefore, of a constantly-excited syi 
nous motor, when bcated at the end of a feeder, is to ma 
constant voltage at the center of distribution. 

e — 'S^it When feeder regulators, are uset 

required that the voltage at the » 
the feeder, or at the center of dis 
tion, be indicated by an instrum 
F,o. „3. VoUm.t.rComp»«- ^ ^^ ^ contmuou»<. 

tion (C. C. Circmls). 

feeders, it is only necessary that a 
erly proportioned series winding be added to the voltmeter. 
253. The series winding is so connected that it opposes the 
of the shunt coil, and the voltmeter indication is reduced 
amount eqiiaTfo the drop in the line. 

Since the drop in an alternating-current feeder is not a : 
ohmic drop, but the combined effect of the resistance and the 
ance of the conductors, the voltage at the end of an altera 
current feeder is indicated by a voltmeter only when the v 
and current relations in the instrument circuit are identica 
those in the feeder circuit. This condition is effected by pr 
p-oportioning the resistance and the reactance of the seconda 
cuit of a series transformer, and connecting the voltmeter ai 
cated in Fig. 254. Commercial compensators are made so tha 
resistance and reactance may be varied, thus making the sai 
paratus applicable to different circuits. 
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15. Lightning arresters. — The effect of a lightning discharge 

(m electrical apparatus may be either direct or indirect. The direct 

eRect is the destruction of the insula- 

liim; the indirect effect is the estab- 

libbment of a low- resistance circuit 

■ Hich may be maintained by the nor- 

il voltage of the system. A satis- 

■ .' tory lightning arrester must, then, 

■ivert or dissipate the energy of the 

;;n-harge, and promptly interrupt any 

.'iv -resistance circuit that may be es- 

tiblished for the purpose of diverting fmj. ,5^. Schematic Diagram 

or dissipating this energj'. of Connections for Voltmeter 

The fundamental operaUon of light- Compensator (A. C. Circuits). 

nini arresters will be explamed by reference to Fig. 255 in which 

G is an air gap between the conductor and a low-resistance ground 

connection and A is an inductive coil con- 

'=^— T--Tw^-^^*K--'" nected in series with the line. Under normal 

J operating conditions the impedance of A to 

^™« the flow of the load current, either con- 

"^ tinuous or alternating, is small, while the 

Fk. iss- Elementary resistance of the air gap G is so large that 

Lightning Arrester. ,, , , - ,. T, , „■ .u ■ 

the leakage is negligible, smce the mipe- 

tiwee of A is directly proportional to the frequencj-, the extremely 

Wgh-frequency lightning (oscilla- 

twj) discharge is "choked" back, 

breaks down the resistance of the 

^ gap and discharges to earth. 

It is a well-known fact that 

W electric arc, when once estab- 

mid, is maintained by a murh 

iinaller voltage than is required to 

tslallish it. Consequently the 

ire established by the lightning 

discharge may be maintained by 

•fee normal voltage of the system 

■n(«s means are taken to suppress 

This is done by: (a) the use of 

-ni gap. 




Fig. 351), 



ighoiisc Choke Coil 
(Air Caok<l). 



1-arcing" metals, (b) the 
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(11) Non-arcing metal arresters. — When the air-gap tennmals are 
made of zinc or cadmium or of their aUoys, it is found that the arc 
is not maintaint-d after the passage of the lightning discharge. 
Arresters arc, therefore, made of short cylinders 
of brass separated by a small air gap. 

Arresters having part of the gaps shunted by 
resistance have come into extensive use, Thar 
construction is based on the theory that, for a 
given voltage, high-frequency discharges requirea 
larger number of gaps than do discharges ol low 
frequency. Fig. 25? shows a J^oo-volt General 
Klectric arrester having a high resistance and a 
low-resislancc shunt. Low-frequency discharges 
pass through the high resistance {long carbon tod) 
and two air gaps; medium frequency discharges 
through the low resistance (short carbon rod) and 
four air gaps; while high-frequency discharges 
pass through the entire series of air gaps. 
Westinghouse practice differs from the alx)ve in that there is a 
shunt and a series resistance, as indicated in Fig. 258. 




Lightning Arrester. 




ea m rig. 258. 

ft" J 

59. SchemalEc Diagram uf Hi* 

Gap .\rrcsler. 



Fig. 358. SchemaLlc Diagram of West- 
inghouse Lightning Arrester. 



(6) Horn gap arrester. — The horn gap arrester has the appou- 
ance shown in Fig. 259, and is cormected to grotmd in series with 
resistance. The lightning discharge breaks down the air gap and 
forms an arc between the horns. .\ir currents formed by the heal 
of the arc carry the arc itself upward, increasing the length of the 
arc until it can no longer be maintained by the normal voltage of 
the system. 

During the past few years there has been developed an electrolytic 
cell (Fig. 260), which replaces the resistance used in connection witll 




;i2d the 
cresse tfae 

Tlie xtHB «c Ac <aa 

above thb czstical t j It 
voltage (irop& liei.-^ tbf 









i 



The h^h resistance of the alumimim cefl is due to a film which is 
deposited on the aluminum elements when a current fiovrs through 
the cell. Since this film tends to dissohe, the a-ll is m.iintaincd in 
operating condition by periodically bridging the horn gaps and 
allowing a momentar>' discharge through the cell. 

The electrolytic cell is, by construction, a condenser In which, for 
a constant applied voltage, the current is directly proiiortional to 
I ho frequeno,- (1 = 3 x/CE). A high-frequency lightning disehnrge 

therefore, diverted through the cell to the ground. The air gnu 
. tween the horns prevents the small leakage current that would 
liuw if the cell were connected directly to the line. 
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TABLE VI 
Weights and Resistances op Copper Wihes 
UiametiT =■ — — j when n = gauge number 
circular mils 



Weight (pounds) per looo feet — 
Resistance (ohms) per looo feet 



330 
circular mOs 



83. ^90 
66,370 
SI.630 



10.380 
8,534 
6.SJ0 



Weightpound. 


ia»f« 


Hilg 


640,5 

SoS.o 


338t 
a6Si 


3195 


.687 


'53-3 


'337 
io6s 


1593 

IJ6.4 


84t.l 
667.4 


79.46 
63. o' 
49.9a 


529.0 
419 S 
33* J 
i6j 9 


39-63 
3". 43 


109,2 
166.0 


J4 03 




10-77 


104,4 



3'»6 
3944 
49J3 
6271 



Resistance of aluminum wire = 160 per cent of copper 
Weight of aluminum wire — 30 per cent of copper wire. 
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TABLE VII 
Current CARRYiNC-CAPAaiY of Copper Wires 
National Electric Code 



A.W.G., 
(B. & S.) 


Sectional area, 
circular mils 


Rubber insula- 
tion, amperes 


Other insula- 
tion, amperes 


18 
16 

14 
12 
10 

8 
6 

5 
4 

3 
2 

I 



00 

000 

0000 


1,624 

2.583 
4,107 

6.530 
10,380 
16,510 
26,250 

33.100 

41,740 

52.630 

66,370 

83,690 

105,500 

133.100 

167,800 

211,600 

200,000 

300,000 

400,000 

500,000 

600,000 

700,000 

800,000 

900,000 

1,000,000 


3 
6 

12 

17 
24 
33 
46 

54 

65 

76 

90 

107 

127 

150 

177 
210 

200 
270 
330 
390 
450 
500 

550 
600 
650 


5 
8 

16 

23 
32 
46 
65 
77 
92 
no 

131 
156 

185 
220 

262 
312 
300 
400 
500 
590 
680 
760 
840 
920 
1000 





















Current-carrying capacity of aluminum wire = 75 per cent of copper wire. 
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TABLE XVI 
LiXE Voltage and Distance Between Conductors 





Length of 


Distance between 


Line voltage 


transmission line. 


wires. 




miles 


inches 


: 2.300 


I- 4 


12- 24 


6,600 


4- 8 


30- 36 


13.200 


8- 12 


36- 42 


22,000 


12- 18 


48- 60 


44,000 


18- 30 


60- 72 


i 66,000 


30- 50 


72- 84 


88.000 


50- 80 


96-108 


110,000 


80-125 


108-120 



While the above voltages have become standard for transmission lines, the 
distance of transmission and the distance between wires for a given voltage 
vary over wide limits, and the above table is intended to give only an approx- 
imation to average values. 



TABLE XVII 

Relative weight of copper required for different systems of electrical power 
distribution, the total power, the distance of transmission, the line loss and 
the voltage at the load terminals remaining constant. 



No. of 

wires 



.i 



3 
3 
4 

4 
4 
3 



Svstcm 



Relative 
copper 



Continuous-current or single-phase alter- , 
nating current ' 

Three-wire continuous-current or single- 
phase alternating current, neutral full size 

Tlirce-wirc continuous-current or single- 
])]iase alternating current,neutral half size 

Three phase 

Three phase with neutral full size 

Three phase with neutral half size 

Two phase 

Two phase with common return 

Two phase with neutral full size 



100 



I 
1 

( 37-5 



31 


25 


75 





33 


3 



20. 2 



lOO.O 



72.9 } 



3125 



Load connected 
between 



Line wires 

Line and 
neutral 

Line and 
neutral 

Any two lines 

Line and 
neutral 

Line and 
neutral 

Phase wires 

Line and com- 
mon return 
J Line and 
) neutral 
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CHAPTER XVIII — PROBLEMS 

1. The conductors of a loo-milc,* 3-phasc, 25-cycle transmission system are 
No. o copper wire spaced 10 feet. The voltage at the load end (between lines) 
is 104,000 when 10,000 kw. are being delivered to a receiving circuit, the power 
factor of which is 0.85. Calculate the voltage at the line terminals of the 
step-up transformers supplying the transmission line, assuming that one-half 
the capacitance of the line is concentrated at each end of the line. 

2. Same as Problem i except the capacitance is assumed to be concentrated 
mid-way between the generator and the load. 

3. Same as Problem i except the capacitance is assumed to be concentrated 
as follows: one-sixth at the generator, one-sixth at the load and two- thirds mid- 
way between the generator and the load. 

4. Same as Problem i except the capacitance of the line is neglected. 

5. The conductors of a 40-mjle, 3-phase, 60-cycle transmission line are J-inch 
aluminum t wire spaced 7 feet. The phase voltage at the load is 38, 500 when 200 
amperes flow in each line. The power factor of the load circuit is 0.85. Find: 
(a) the load current, (6) the voltage at the generator end of the line, assuming 
the capacitance to be concentrated as in Problem i. 

6. Same as Problem 5 except the capacitance is neglected. 

7. The allowable voltage drop in a single-phase, 60-cyde feeder is 3 per cent, 
and the distance to the center of distribution is 2000 feet. Determine the 
size wire required when the voltage at the load is 2300, the power delivered is 
500 kw., and the power factor of the load circuit is 0.82. Assume spacing of 



8. The voltage at the center of distribution of a single-phase, 60-cycle feeder 
is automatically maintained at 6600. The length of the feeder is 2 miles; No. 4 
copper wires are used and spaced 3 feet. The load on the feeder is 400 kw. and 
the power factor of the load circuit is 0.75. Determine: (a) the volts drop in the 
line, (6) the voltage at the generator. 

9. A 500-horse-power, 25-cyclc, 3-phase induction motor is 300 feet from the 
generator supplying it wit h current . Efficiency of motor = 90 per cent . Power 
facrtor of motor = 0.85. Determine the size of wire required so that the voltage 
drop between no load and full load shall not exceed 10 per cent. 

10. 100 alternating-current series arcl amps are operated on a certain cir- 
cuit of No. 6 copper wire (diameter = 0.162 inch). The first and the last 
lamp in the circuit are each 300 feet from the power house, and the lamps 
are spaced 100 feet apart. Each lamp takes 40 volts and 6.6 amperes. The 
lamps operate at a power factor of 0.85. Find: (a) the drop due to the 
resistance of the line, (b) the power lost in the line, (c) the power input to the 
system, {d) the power factor of the system. 

• Because of the "sag" and the contraction and expansion due to chanRcs in tem- 
persture, the length of wire required is approximately 10 per cent greater than the 



t Aluminum conductors are always stranded, and their nominal diameter is the 
lottd equivalent of the actual diameter. 



I 
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II. Tbe input to an induction motor installation b40okw. at apowe 
o( 0.80, Find the rating of a synchronous condenser, ibe power factor 
IS 0.10, lo make ibe power factor of the feeder circuit unity. 

12; Find the power factor of Ihc feeder circuit in PtoUem 11 when 
ductton motor load is increased to 500 kw. 




CHAPTER XIX 

THE STORAGE BATTERY* 

Bv means of a storage battery, cnerg>' may be stored and made 
available at some future time. Structurally the storage battery 
consists of a set of positive plates, a set of negative plates, and a 
chemical solution (electrolyte) in which the plates are immersed. 




Positive Plate Negative Tlale 

Fig. 161. "Ironclad-Exi'Ie" Storage BaUcty. 
Compaay. 



The Elcctrit Storage Batlcry 



The internal actions of a storage battery are chemical and not 
mechanical as the name might imply. When an electric current 
passes through the electrolyte from the positive to the negative plates, 
it produces a chemical reaction and a structural change in the 
"active materia!" of the plates. Whea the positive and the nega- 
tive plates arc connected by means of a metallic wire or other 
electrical conductor, an inverse chemical action takes place, the 
plates are restored to their original condition, and an electric cur- 
rent flows in the uire from the positive to the negative plates. 

* For details ot storage ballery construction, operation : 
Student is referred to " Secondary Batteries " by E. J. Wade. 
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I. Lead batteries. ^ In the completely discharged conditioT 
the plates of leatl storage batteries are lead sulphate (PbSO»), an 
the electrolyte is water. When a unidirectional current passe 
through this cell from the positive to the negative plates, th 
chemical reaction produces peroxide of lead at the positive platt 




Ntgativ. 

I "sponge" lead at the negative plate, and converts the electro^ 

I into sulphuric acid. This action may be represented as follows; 




Poailive Group Glass Jar, Oak Sand Tray with 

Saorl Glass Insulators 
Fig. 263. Storage Baltcrj' Parts. Gould Storage Battery Co. 



Dischai^d . . . 
Charging curr 

Charged 

Discharging c\ 



2 H,SOi 



■olyt 

ws; 

1 



While other reactions may, and probably do, take place in the cell 
the scientific world generally accepts the above as representing tL 
fundamental reactions. 

The plates used in lead storage batteries are of two general types 
diflerentiated by the process of their manufacture: (o) Plants t 
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in which the active material of the plates is formed by chemical 
processes, (6) Faure tj'pe in which the active material is prepared 
and applied mechanically (pasted) to a supporting frame or grid 
tlirough which the electric current flows. The plates in commer- 
cial batteries are often a combination of the above tj-pes. 

The open-circuit voltage of a fully charged lead cell is about 2.2. 
Because of internal resistance, which is not constant, this voltage 
IS not realized when the cell is discharging, and the voltage gradually 





KiG. 2C14. Edison Storage Ballerj'. 

decreases as the cell discharges, as indicated in Fig. 265. The prac- 
tical limit of discharge is reached when the voltage is 1.75, and the 
current is that at which the cell is rated. Further discharge causes 
^1 excess of lead sulphate to form on the plates, increase the in- 
'^al resistance* of the cell, and sets up stresses f which cause 
'"e plates to crack and fall away from the supporting grid. 

'■ The Edison battery, — The Edison storage battery consists of 
* positive plate of nickel hydrate and metallic nickel, and a negative 
piate of the oxides of iron and mercury, immersed in a 20 per cent 
^liition of caustic potash. The purpose of the metallic nickel and 
'he mercury oxide is to increase the conductivity of the active mate- 
■ials of the plates. The electrolyte undergoes no chemical change 
"inring either charge or discharge, acting simply as a medium through 
^hich oxygen is transferred from one plate to the other. The charg- 
ing current reduces the oxide of iron (negative plate) to a mass of 
"sponge" iron, and produces peroxide of nickel at the positive plate. 

* Lead sulphate is a noti-conduclor of clcclricity. 
f Because of llie change [n volume. 
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^M As shown in Fig. 265, the voltage of the Edison cell is less than 

^M that of the lead cell, and decreases more rapidly as the cell dis- 
H charges. The cell is not injured by abnormal or complete dis- 
^M charge. Its capacity per unit weight is greater than that of the 






























^^^^^M 
































































P 2 3 4 5 6 7 8 9 
TmE IM HOURS 

Fig. 365. Charge and Discharge Curves for Storage CeUs. 

lead cell, but its energy efficiency is only 60% as compared with 
80% in the lead cell. 

3. Storage battery ratings. —Storage batteries are rated in am- 
pere-hours, and the normal discharge period of the lead is eight 
hours, i.e., when the discharge current is constant and normal, the 
voltage of the lead cell drops to 1.75 in eight hours. The capacity 
of the cell is decreased when the rate of discharge is increased, as 
shown by Table XVIII. As shown in Fig. 265, the normal period 
for the charge or discharge of an Edison cell is five hours. 

TABLE XVIII , 


Time o[ die Rektiva 
chane, houn , atadty c 


hxTfe. hnun cajwcilr ^^^H 


8 100 

7 97 

6 1 93 ' 

S 80 I 




H 4. Applications of the storage battery. — The following are a few 
^^ of the more important applications of the storage battery: | 
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(a) To furnish energy dining periods of light load when the 
generating apparatus is shut down. 

(i) To aid in carrying peak loads which would otherwise overload 
the generating apparatus. 

(c) To maintain a more nearly constant voltage with var}'ing load. 

{i) To mai"t^i" a more nearly imiform load on the generating 
apparatus, the battery charging during periods of light load and dis- 
charging dining periods of heavy load. 

From the nature of its internal actions, it is e\ident that a storage 
battery cannot be charged from an alternating-current system 
without using a rectifying device, such as a rotary converter or a 
motor-generator. 

5. Storage-battery connections. — In Fig. 266, the battery is con- 
nected in parallel with the load, and is preferably placed at the end 
of a feeder. As the load on the feeder increases, the line drop re- 
duces the voltage at the terminals of the battery, and the battery 
discharges; as the load on the feeder decreases, the voltage at the 
terminals of the battery increases, and the battery charges. 




T 



5wttch 



O«f*€rator = S-. Oatftn/ 



X 




Fig. 266. "Floating" Storage Battery. Fig. 267. Storage Battery with End- 
cell Regulation. 

In Fig. 267, end-cell switches are provided so that either the charg- 
ing or the discharging voltage may be regulated. With this con- 
nection the load voltage is independent of the generator voltage. 

In Fig. 268, the generator of the motor-generator set is differ- 
entially wound and has its armature connected in series with the 
battery. The field windings are 
so proportioned that the voltage 
of the generator is zero when 
the load on the system is at its 
average value, and the battery 

neither charges nor discharges. ^'^^' 268. Storage Battery with Differen- 

If the load increases, the differ- ^'^^ ^^'^^'• 

ential series field reduces the generator voltage, and the battery 
discharges; if the load decreases, the generator voltage increases 
and the battery charges. 
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itions of the storage battery. — The commercial u 
battery is limited because of: 
gh first cost and rapid depreciation, 
dditional mechanical complications introduced by re 
lating apparatus required. 
:ost of maintenance. 
le of Storage Batteries. — Exi>Iicit instructions for 
care of storage batteries cannot be given because service a 
tioE well as the ideas of different manufacturers, differ 

r; . It is reasonable to assume that a manufacturer ki 

IS undi jparatus will give the best res 

'd sior jatteritc il aperated in strict accordance 

in of the ma irer. 
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Fic. roo. Harmonic or Sine C'ur\*c. 



HAUfOHIC QUAimriES 

I. De&titkML — A harmonic quantity is a quantity, the instant 3ncou5 

value of which is proportional to the sine or the cosine of a uniformly increos- 

0% angle, and the constant of the eqiiation repres^^nis the maximum value of 

tile quantity. Commc»i examples of harmonic quantities are: i.j^ the vekxity 

of a pendulum, (6.) the Nibration of a tuning fork, c the velocity of the ca^ss- 

i^ of a reciprocating engine* 

^hen the flywheel rotates at a uni- 

form angular velocity. 

Let OA (Fig. 269) represent the 
maiimum value of any harmonically 
varying quantity. The value of the 
quantity at any given instant or 
position is proportional to the pro- 
jection of OA on the vertical axis, i.e., to the sine of the angle 0. 

aj = 0.1sin^. (i^ 

If the angular velocity of the vector 0.1 is expressed in circular measure 
(radians), 

^ = tat {2) 

and Oa = O- 1 sin w/, \^j^) 

when 09 = the angular velocity (radians per unit of time') at which the vei tor 

rotates, 
/ = the time during which the vector has rotated, zero time coinciding 
with zero value of the angle <t>. 

2. Rectangular representation. — A sine wave may be plotted to rectangu- 
lar coordinates as shown in Fig. 269, the curve there plotted showing a succes- 
sion of values for one complete revolution (360 degrees). .\ representation of 

greater values of w/ would be a repetition of those vahies 
already plotted. 

3. Polar representation. — It is usually unnecessary to 
draw rectangular representations of harmonic quantities, 
the magnitudes of the quantities and their relative posi- 
tions being sufTicient. Such a diagram (Fig. 270) is called 
a vector or clock diagram, and the vector rotates in a 
counter-clockwise direction. 
4. Combination of harmonic quantities. — Two or more harmonic quantities, 
having the same angidar velocities, may be replaced by a single harmonic 

• This velocity is only approximately harmonic when the connecting rod is of finite 
length. 
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Fig. 270. Vector 
or Clock Dia- 
gram. 



3o6 
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quantity, the vector of which is the geometric sum of the vectors of the two 
quantities. 

Let OA (Fig. 271) represent the maximiun value of one harmonic quantity 
and OB the maximum value of another harmonic quantity having the same 
angular velocity. Then 

Oa = OA sin <at (4) 

and Ob = OB sin («/ - 0). (s) 



•Re9ultant 



I 

I 



I 



i 



-.1 

1 





Fig. 271a. Combination of Vectors. Fig. 271b. Combination of Sine Waves. 

Combining these two vectors graphically, the vector OC is obtained, for which 
the mathematical expression is 

0(;==OCsm(«/-^). (6) 

The mathematical proof that the resultant of two harmonic quantities is a 
harmonic quantity having the same angular velocity is as follows: I^t 

a = A sino/, 
h = Bsin(«/ — 0). 
Then a + h= ^ sin w/ + -S sin («/ — 0). 

Expanding equation (9) 

a + h = A smtat + B sin o)t cos — B cos w/sin 

= {A + B cos 0) sin w/ — B cos w/sin 0. 

But ^ + -B cos = C cos ^ 

and 5 sin = C sin ^ 



(7) 

(8) 
(9) 



sm ^ , ^ B sm 

= tan ^ = -— — „ 

COS0 A + ^cos0 



(10) 

(11) 
(la) 
(13) 

(14) 



tan 



-1 



Bsin 



Substituting in equation (11) 

a-\-b = \/U2-f 52_ 2 /IB cos 0) sin f w/ - , 

V i4 + 5 cos 

From equation (15) the maximum value of the resultant is 



)■ 



(is) 



C= \//4'+B2-2ylBcOS0 

and the angle through which the vector has rotated is 

Bsm 



(16) 



/3 = w/ — tan-* 



A-^- B cos 



(17) 



5- Phase differencs^ — The phase ':mt^ ur-r^r: ■* -•— -r _.— 

quantities ba%"Tn5 liie aanie la^uLiT ''Am-::: rt: * .ic ..t:. .:.- . 
of either lo pa:» tiirouiiri m uuce -luai • .Ij.: >•■ v — :: - - 

quantities. The phas»^ infflr. >r injce >? jn.*sc uz«-r ::,. ^ .. : 

Fig. 2:1a. 

6. Resofaitioii of hxnttaaie ywi i ririr^ — I: v. , i^t. :. : - r. . 

combineil '.nto a -^in^rtH' harmonu: vjaai:tv la- n:: .:- — t. ..:.-:. .. 

foUo^^ that inv hiLm»>aic z'ianutv lu.'.' >r ~-=- ,■-::: : „-t. .. r 

having any .iesireti phase iintfr»sn::i. In l,: -rz^ .;:_■- .;-■: - -.. .r 

resolution of hjimonic •iienir^nn^r:-- 'ir:;- -:. : j~ : 

ha\*ing a phase -iiaereacj oi x: lezr?:^. ^ . t..t. : _. : . _■ _ : 

pedient. 

7. Rftte of dumge in the insanfiuietras vatoe ir 1 larzuciu r:.!::-:— 
An inspection of a sine 'lur--*; iiarh u- 'ha." m*.^". :i ?.: .- . ■: 
rate at which its in<rar.Mnj<j;ia va*uc .'n.ir.i:'^ .^ :< .l: ^-n. ^ : 

rate of change is greatest %'hen -Jxe ;■iJ..l^■ ^ :—-"—: :" —;.: 
value. 

This may also be 3hi>wn by -iiii^r^a^— I'-ni: -.': ■:-.--....: .- .._ ..-. ,- 

neous value 

a = A i,z .; 

with respect to /. The rate at vbitih ; •-r..i .-.ij -: r 

— ' -■ ^ • 

— *-^ -^ -* 

But cos uft is maxim urn when sin ^ js ;er. 

8. Average Tilne of the sn ^. — Tr.-. i — ir-t 1 . ■ - = - _■ - 1 ■ r.- 
plete cycle is zero, since for each p:-?:'..-. t •■ l ..:-'•. ■ . . . .;.-?. 

For any half c>'cle beginning wi'.h */ = : - .i = r . * •■ *r 

positive or negative and the avcriZ': my vr :. ■-- : . .:;.:• ^ •: :r 

the values given in Table XIX, ani ii-. : Lr.4 : :. .: a. - . i. 1 : is 
gives 

av. sin -.: = =: o 6;:. ';o> 

The same result is obtained by in^egra-.ir.z -ir: .; V- !■'..... r. tr-. !ir.;:5 w.' = » 
and <U = o, and dividing by w. 

.-; = r 

2 

T 



av. sinc.;/=- | -in...*.*' -./■ (^i) 



(^^) 



9. Value of average sui'm/. — Let the onlinates of a riir\e he equal to the 
squares of the instantaneous values of a harmonic qu.iniity. 

= A' sin' ut, ( J .) 
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TABLE XIX 
NAtnuAL SiKss, Cosines, Tanuents * 




OJ490 
OS 134 

08716 

I04S3 

I1I87 
1391 



37S6 
j<)J4 
3090 
3»S6 
34«o 

3584 
3746 
390; 
4067 

4JS4 
■1S40 
4695 
4848 
Sooo 

S'5° 
S199 
5446 
SS91 
S7J6 

S878 
601S 
6157 
6293 
641S 



9945 

9903 
9877 
9848 

oStO 

97S, 

9744 
97«3 
96 J9 



8910 
.8S» 
8746 
866a 

8S7i 

848a 
.83S7 



7547 
74J1 
73 '4 






00000 




0174s 




0340J 








06993 





08749 









122 78 




1405 




iSSl 





1 76 J 














2309 




»49J 





,679 





1867 




30S7 




3»49 




3443 





364* 





1839 




4040 




4»4S 




445 = 





4663 





4877 




S09S 




SJ>7 




SS43 


" 


5774 





6009 




6249 




6404 




67-tS 





7002 


o 


7»65 




7S36 




7813 




B098 





8391 





8693 




9004 




9335 




9657 




0000 



Infinity 


S7.»9«> 


as 6363 


19.0811 


14.3O07 


n 430' 


9S<44 




1443 








3-38 




67.3 




1446 




7046 












73*' 




48?4 




»709 








9042 




747S 




60SI 




3SS9 




)46o 


I- 144s 


2 0503 


1.9626 








8040 




73" 




6643 




6003 




S399 




4S26 




4281 




3764 




3270 




2799 








19.8 




IS04 








035s 



■n. ■< 



For a more complete table of functions see any standard test on trigonraxtiT- 
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^grating equation (24) between the limits (J = r and (J = o, and dividing 

av. y = — f" sin* «/ J («^) (25) 

= f ; (26) 

2 

the average value of sin' <J equals |. 

'he same result may be deduced without recourse to calculus. From 

mometry 

sin*w/ + cos*«/= I, (27) 

av. sin* <at + av. cos* «/ = i. (28) 

/ varies from o to 90 degrees, the sine passes through all values from o to i 
the cosine passes through all values from i to o. Therefore, 

av. sin* 0/ = a v. cos* <at (29) 

av. sin* «/ = J. (30) 

>. Frequency. — The frequency of a harmonic quantity is the number of 
E>lete revolutions made by its vector per unit of time. During one cycle a 
ionic quantity passes through all possible instantaneous values, both posi- 
and negative, i.e., starting at zero the quantity increases to maximum, 
eases to zero, increases to maximum in the opposite direction and again 
eases to zero. 

t. Value of ••. — Since the distance passed through by a rotating vector is 
essed in radians, the angular velocity (radians per second) is equal to the 
uency (number of revolutions the vector makes in one second) multiplied 

« = 2x/. (31) 

APPENDIX A — PROBLEMS 

. Find the resultant of two harmonic quantities, each of which has a maxi- 

n value of 1000, when the angle between their vectors is: (a) 30 degrees, {b) 

legrees, (c) 60 degrees, (d) 90 degrees, (e) 120 degrees. 

• The maximum value of a harmonic quantity is 600, and the angle between 

two) components is 90 degrees. Find the maximum values of the compo- 

ts when: (a) the angle between the quantity and one component is 30 degrees, 

the maximum values of the components are equal, (c) the maximum value 

He is twice the maximum value of the other. 

\' Find the angles of phase diflference between the quantity in Problem 2 

its components. 
\' Find the angular velocity of a rotating vector when the frequency is: (a) 

(*) 25, (c) 30, (<0 40, (e) 50, (/) 60, (g) 100. 

5- The maximum value of a harmonic quantity is 100. Find the rate at 
^ch the quantity is changing when w/ is equal to: (a) o, (jb) 30 degrees, (c) 45 
*rces, (d) 60 degrees, {e) 75 degrees, (/) 90 degrees. 
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6. Fiad the average vaJue of a harmonic quantity, the maximum <nlM 
«hich U: (a) 40. (b) 75, (e) 100, {<0 250, (<} 800. 

7. Find the average square of a harmonic quantity, the maximum vaitu 
which is: (<i) 40. (ft) 75. U) 100, {</) 450, («) &»■ 

8. Find the frequency when u is equal to: (a) 135.6, (b) 157, (c) 1SS.4, 
as'-'. W 3'4, W 376.8, (4) 400. 
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IHDUCTAHCE 



In Chapter i, Section ii, indnciance is deiinei 
between the electromotive force set up in a circuit 
value of the current flowing in the circuit, and :: 
changes. 



as :ne : 

by rei: 
le ra:e 



e-=L 



di 

dt 



• ■ ■ w 



u) 



From Chapter 2, Section 13 



e = 



4^ 

di 



Therefore, 



and 



when ^ = 



J di _d4^ 

dt ~ dt 

L = t 



2) 



lO 



U» 



t 

e 

L 



the total flux linking with the circuit (\i the conductor ha< more than 
one turn or loop, is the product of the rlux linking with one turn 
and the number of turns), 

the current flowing in the circuit, in c.g.s. units, 

the electromotive force of self-induction, in c.g.s. units, 

the inductance of the circuit, in c.g.s. units. 










X, Inductance of each of two parallel wires. — Let A and B be two parallel 
cylindrical conductors in which the 
currents are equal but flow in opposite 
directions. The current in each conduc- 
tor, if uninfluenced by that in other con- ^ 
ductors, would set up concentric circles \ 
of flux around the axis of the wire 
(Chapter 2, Section 3). The mutual 

^ect of the currents is to produce the ^^^' 272. ^fagnctic lioM lU-lwcrn Two 
flux distribution indicated in Fig. 272. ^""^"^ Carrying Conductors. 

The inductance of the conductors is due to the flux wlncii passes between 
the axes of the wires, the flux which encircles A at a greater distance than D 
being neutralized by an equal and opposite flux set up by B. The total 
flux encircling the axis of each wire may be divided into two parts: {a) that 
in the body of the wire, (6) that in the insulating material between the 



3" 
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in the body of the wire. — The 9ux in any elemental zone Jx 
in the wire is due to the current inside of zone dx, and this 

rherefore, flux in zone dx is 



J 



iCe this flux surrou 4J ;ciirrent which Sows in the area o{ 

.^ conductor bounai^ ■ equivalent to 

.g.s. units, (lo) 

linking with the entire current flowii le conductor. The total flux pet 

centimeter length of conductor u n irea of the conductor is found by 

inte^attng equation (lo) betwee.. .<.e liiui s = r and t ■■ o. 

= -c.g.s. units. (la) 

(i) Thr flux in the insulating material between the wires. — The flux passion 
between the conductors is due to the current flowing in the wires. 

Therefore, khe flux in zone dx (Fig. 374) due to the current in .^ is I 

*" = —dic.g.i. units, (15) I 

* U the current density in the conductor is not uniform this expression becomes an 
approximation only. 

t The wires are here assumed lo be copper or aluminum, the penneabilityof whiA 
is unity. If the conductors are of magnetic material (iron) B — idl (Chapter j, 
. Section 9). 

X Insulating material assumed to be air, the penoeability of which is unity. 

J 



^3^^^^ 
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and the flux per centimeter length of A due to the current in A is found by in- 
t^rating equation (15) between the limits x = D — r and x = r. 



D- r 

dx 



• r dx 

Jr X 



(16) 



= 2 /loge c.g.s. units. (17) 

The total flux linking with the current in conductor A is, therefore, 

* = ^1 + 05 (18) 

= - + 2 » log* c.g.s. units. do) 

2 r ^ ^ 

From equation (4), 

I = ^ (20) 

2 ~ r 

of conductor. (21) 



I D ^ r 
= - + 2 loge C.g.s. units * per centimeter length 



a. Inductance of each conductor in a three-phase system. — The inductance 
of a conductor in a three-phase system depends on its position relatively to the 
other conductors of the system. There will be considered here only the two 
commonly used arrangements: (a) when the conductors are placed at the ver- 
tices of an equilateral triangle, (6) when the conductors are in the same plane. 

(a) When the conductors are placed at the vertices of an equilateral triangle. — 
' In a balanced three-phase system, the currents 
in A^ B and C (Fig. 275a) are 120 degrees out ^^ 

of phase, the algebraic sum of the currents / 1 \^ 

is zero (Chapter 7, Section 3), and the instan- °/ | \ q 

taneous flux set up around any conductor is / / _^-^^ \\ 

the algebraic sum of the instantaneous tluxes set • a^^- (5)0 

up around the other two conductors. Therefore, (o > 

the inductance of each conductor in a three-phase 

system, when the conductors are placed at the 

vertices of an equilateral triangle, is equal to ^ _ ^ _ ^ __^_ ?v 

one half the inductance of the loop formed bv '^ ^ ^ 

any two of the conductors, and is calculated by p. 

means of equation (21). 

{b) Wfien the conductors are in the same, plane. — From equation (21) the 
inductance of either ^4 or C (Fig. 275b) with regard to B is 

^i = - + 2 log, -^— , (22) 

2 r 

♦ To reduce c.g.s. units of inductance to henries, divide by io«. The expression 

loge may be rqslaced by loge ~" without appreciable error when the ratio — is 

laigc. 
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the inductance of A with regard to C or of C with regard to i4 is 

Zj = - + 2log, ^ — ^^» (23) 

and the inductance of B with regard to either i4 or C is 

!,,= - + 2 log. ^^- (24) 

2 r 

It is common practice to transpose the conductors of po]>phase alternating- 
current systems, thus making the inductances of the lines sensibly equal. 
Under this condition the inductance of each conductor in a three-phase 
system, when the conductors are in the same plane, is 

, D-r , , 2D-r 
4log« h 2log. 

I = i + ^- 1- (as) 

2 3 

cs - + 2 log, — — ^ ^ c.g.s. units per centimeter length 

of conductor.* (26) 

3. Inductance of a conductor with earth return. — A consideration of Fig. 272 
shows that the flux linking with the current in each of two parallel wires sepa- 
rated D centimeters from each other, passes between the axis of the wire and 

a neutral plane distant - centimeters from the axis of the wire. When the 

2 

return current of a circuit flows through the earth, the surface of the earth is 

the neutral plane, and the inductance of a conductor placed h centimeters 

above, and parallel to, the surface of the earth is 

L—- + 2 log, c.g.s. units i>er centimeter length of 

2 r 

conductor. (27) 

Note. — Equation (27) is strictly true only when the resbtance of the earth 
return is zero, but a considerable resistance in the return circuit does not greatly 
increase the inductance. 

4. Inductance of a solenoid. — The inductance of a solenoid, either with or 
without an iron core, is easily calculated when it is assumed that the flux set up 
bv the coil is confine<l to the interior of the coil.t Let 

N = the number of turns in the coil, 
i = the current tlowing in the coil, in c.g.s. units, 
A = the internal cross-sectional area of the coil, in square centimeters, 
/ = the length of the coil, in centimeters, 
fx = the permeability of the magnetic circuit. 

The total flux set up by the coil (Chapter 2, Section 10) is 

4 niNA n 
- - ^ (28) 

* Equation (26) gives values only slightly greater than those given by equation {21). 
t This condition is only approximated in commercial apparatus. 
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and the inductance of the helix is 



L=^> 



4 xX^Afx 
I 



c.g.s. units. 



(29) 

(30) 



Since the permeability of iron decreases as the flux density increases, the 
inductance of a coil woimd on an iron core is not 

K b *f 

constant, but decreases as the current in the coil ,— birr^rrqi^iisa — *" 



increases. 



I • ! » t • t « 



Inductance of a cofl. — Professors Brooks and feHiilHlI:!^ 
Turner * have developed an empirical formula by means { rtjtliirmlrm;}^ 
of which the inductance of any closely wound cylin- 
drical coil (Fig. 276) may be calculated. The error 
involved in the use of this formula seldom exceeds 4 per 
cent for a coil of any dimensions, and becomes less as 
the relative length of the coil increases. 



k-R 



^ ~ ^~, 7-~7r mimennes, 

o + c + iC 



(31) 



fzrniTrrpmrrirr.: 

VJ*. J. I -ft . ,{•-...♦•■ 

,..-. • -f-»-*« t H» '1 -IT 






T r 



Fig. 276. 



when a = the mean radius of the winding, in centimeters, 
b = the axial length of the coil, in centimeters, 
c = the thickness of the winding, in centimeters, 
R = the outer radius of the winding, in centimeters, 
N' = the total number of turns in the winding, 

^ lob-\- 12C+ 2R 

r ^ ; — ; ; =:» 

IOD+ IOC+ iaR 

14 R 



P" 



>.5logiof 



100 + 



:) 



2b-\r 2>c 
6. Energy stored in a magnetic field. — In any circuit of inductance Z, 



€l = L 
pL = ei 



di 



= Li 



.di 



dt 



(32) 

(33) 
(34) 



and the energy required to increase or decrease the intensity of the magnetic 
field is 

»•/. = //><// (3S) 



= 'f-/' </' 



= L' , 

2 

when the current varies between i and zero. 

* University of Illinois Bulletin, Vol. IX, No. 10. 



(36) 
(37) 



■y-'S^^i'-^aw 
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Sobititutfiig the nhK of L found in equation ( jo) 



But the intensity of the magnetic field (Chapter >, Section 9) a 

a. if-' 

and the volume of the magnetic field is '^ 

V = Al cubic centlmetea. 
Substituthig the values of fi and F in equation (38) 

■= ~ eigs per cubic centimeter 

' B* ... 

" T~ ^^^ P*'' cubic centuneter. 



M 
Id 



7. Loss of energy due to hysteresis.— When the magnetic circuit is composri 
whollyorpartlyofiron, it has been shown that: (o) the energy delivered lolfc 
magnetic field is not all returned to iht 
system when the magnetizing for« is 
withdrawn, (ft) that the flux density pro- 
duced by a given magnetizing force i> 
I greater for decreasing values of fieU 
intensity than for increasing values, (c) 
that the iron is heated when the flu 
density changes. 

When the flux density S in the 
and the magnetizing force B of i mat' 
netic circuit are plotted for a complete magnetic cycle, i.e., for all poswblt 
values between a given positive maximum and on equal negative maximiiD 
density, a curve similar to Fig. 277 is obtained. Let 

N = the number of turns in the exciting coil of an electromagnet, 
»= the current in cg.s. units flowing in the coil, 
V = the volume of the iron core {I centimeters in length and A ^ 

centimeters in cross-sectional area), 
4 = the flux in the iron core. 




Fig, a77. Hystereas Loop and Mag- 
netiziof; Current Wave. 



ti^dl) = mid.t.'i, 
tit - Ni(di,. 



hi) 
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But 

and 
Therefore, 



HI 



Ni-- 



4«- 



Wh = — I HdB c.g.s. units, 



(48) 
(49) 
(50) 

(51) 



i^., the energy expended in carrying a volume of iron through a magnetic 
cyde is proportional to the area of the hysteresis loop, and the average power 
loss due to hysteresis in the iron is 



Pk=^ C^ ^'^ H dB erg^ 



(52) 



when / = the number of magnetic cycles per second through which the iron 
passes. 

Dr. C. P. Steinmetz has shown that the area of a hysteresis loop is approxi- 
mately proportional to the 1.6 power of the maximum flux density attained 
during a magnetic cycle. The loss per cycle per cubic centimeter of iron due 
to magnetic hysteresis is, then, 

Wh = riB'''eTg^, (53) 

when If = the hysteretic (magnetic) constant and is dependent on the physical 
{properties of the iron. Table XX. 

TABLE XX 
Hysteretic Constants (17) 



Kind of iron 


1 

Constant 

0.0015 

0.003* 

0.004 

0.008 

O.OI 

0.12 
0.16 
0.25 


Best annealed sheet 


Good annealed sheet 


Ordinary annealed sheet 


Soft annealed cast iron 


Soft machine steel 


Cast steel 


Cast iron 


Hardened steel 





• Largely used for dynamo armature punchings. 

8. Distortion of current wave due to hysteresis. — From Section 7 it is evi- 
dent that the magnetizing current in a coil having an iron core in which the 
flux varies harmonically cannot be harmonic, but has a distorted wave shape 
as indicated in Fig. 277. 

9. Growth and decay of current in an inductive circuit. — When an electro- 
motive force of constant value is applied to a circuit containing both resist- 
ance and inductance, the current does not immediately rise to its final value 

— , because of the coimter-electromotive force induced in the circuit by the 
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increasing flux; when a circuit containing both resistance and induclacce is 
disconnected from a source of constant electromotive force, and the circuit 
dosed, tlie current does not immediately fa!! to zero, but is maintained by the 
eleclromotive force induced in the circuit by the decreasing flux. Let 

£ = the applied electromotive force, 

R = the resistance of the circuit, 

L °= the inductance oC the tarcuit, 

— «• the rate at which the cuirent flowing in the circuit changes. 
Tor an increasing current, i 



Transposing equation (54) and multiplying by — ^ 

- R m - R (di) 




($0' 

(55) 

(57) 



For a decreasing current, 



SJdt) ^ _ ^(dfi 






log.f- 



(fcj 



APPENDIX C 

CAPACITANCE 

X. The dielectric field. — When the potential of a body is greater or less than 
aero (the surface of the earth is assumed to be at zero potential), the body is said 
to be electrified or charged. The energy required to produce electrification is 
stored in the surrounding medium, and there is set up in the medium a 
stressed condition termed a dielectric or electrostatic field. The dielectric 
flux emanating from a surface is normal to the surface as in- ^^p. 



Fig. 278. 



dicated in Fig. 278, and is represented by lines which termi- 
nate at another surface. 

3. Properties of electric charges. — The following properties 
of electric charges have been established by expaiment: 

(a) Like charges repel; unlike charges attract. 

(b) When a charge is produced on any body, an equal and 
opposite charge is produced on the same or on some other 
body. 

(c) The force exerted between two charges of electricity is directly propor- 
tional to the product of the charges, and inversely proportional to the square of 
the distance separating them. 

f=^' (0 

3. Electrostatic units. — The imits of the electrostatic system, and the 
equivalent values in practical imits are: 

(fl) The unit of quantity (charge) is that quantity of electricity which repeb 
with a force of one dyne a similar and equal quantity of electricity placed at a 
distance of one centimeter in air. To reduce electrostatic units of quantity to 
coulombs divide by 3 X lo". 

(jb) Unit current is that which conveys unit quantity past a given point on 
a conductor in one second. To reduce electrostatic units of current to amperes 
divide by 3 X lo*. 

(c) Unit electrostatic force or unit difference of potential exists between two 
points when one erg of work is expended in transferring unit quantity of elec- 
tricity from one point to the other against the force of the electrostatic field. 
To reduce electrostatic units of potential to volts multiply by 300. 

(d) Unit capacitance is that which produces imit difference of potential when 
charged with unit quantity of electricity. To reduce electrostatic units of ca- 
pacitance to microfarads divide by 900,000. 

(e) The specific inductive capacity or dielectric constant of a substance is the 
ratio of the capacitance of a condenser having that substance as a dielectric, to 

319 
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the capacitance of the same coadensei using Aiy a 
76 centimeters, as the dielectric. (Table XXI.) 



, at 0° C. and a pressure of 



TABLE XXI 
Dielectric Constants {K) 



Haloiil 


CoHtBIlt 




> 75 

2-3 

2.35 
»to 4 
3to S 

























I 



(/) The intensity of a dielectric field is tlie ratio of the total flux, when ■ 
propagated ia air, to the area of the surface from which it emanates, and ia 
equal to the force in dynes at the point,* (Symbol F.) 

(g) The density of a. dielectric field is the product of the field intensity and 
the dielectric constant," (Symbol D.) 

4. FItuc du« to unit charge. — The force with which a unit charge acts on 
another unit charge distaot r centimeters in air is (from a c and 3 a) 

(2) 



/= ^ dynes 
and the inten»ty of the dielectric field is 



f = ^ lines per square centimeter. 



(3) 



But the surface of a sphere, the diameter of which is 1 r centimeters is 4vH 
square centimeters. Therefore, the total dielectric flux emanating from unit 
charge is 

4.= ~X4f' (4) 

" 4¥ lines. (s) 

5. Potential difference between points. — The potential difference between 
points is, by definition, equal to the work in ergs done when unit quantity 
of electricity is transferred from one point to the other against the force of tbe 
electrostatic field, and is, therefore, the line integral of the field intensity be- 
tween the [mints. 

E^fPdx (6) 

* Compare with tliecorrespoDding terms used for the magnetic drcuit (Chapters). 



(7) 
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6. C^adtuiM. — Capadtance has been defined (Chapter i, Section 13) 
the ratio of the quantity of electricity dbplaced (the charge), to the electi 
motive force producing the displacement. 

7. Capkdtance of parallel plates. — Determine the capacitance of two par- 
allel plates (Fig. 278) A square centimeters in area, and separated by ( centi- 
meters of dielectric, the constant of which is K. Let Q be the charge on each 
square centimeter of the positive plate and— Q the charge on each square centi- 
meter of the negative plate. Then 

F = 4^1i 



- lines per square centimeter, 
E-Ft 
= *^' electrostatic miits, 

= - — electrostatic units per square centimeter 

= ■ — electrostatic units 

= !- 900,000 microfarads. 



(8) 
(9) 
(10) 

(II) 
(li) 
(13) 
(14) 



f .e., the capacitance of a plate condenser is directly proportional to the product 
of the area of plates and the dielectric constant, and inversely proportional to 
the distance between the plates. 

Commercial condensers are made up of a large number of sheets of tinfoil, to 





Fig. 379- The Plate Condenser. 



Fig. 280, 



obtain the required area of the plates, connected as indicated in Fig. 179, and 
separated by sheets of paralTined paper. 

8. Capacitance of concentric cylinders. — Determine the capacitance of two 
concentric cylinders (Fig. iSo), the radii jti and xt of the cylinders, their length 
/, and the dielectric constant K being given. ,Let the charge per centimeter 
length of the positive cylinder be Q and the charge per centimeter length of the 
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negative cylinder be — Q. Then the field intensity at any point distant r centi- 
meters from the axis of the cylinders is 

i^=^ . (15) 

= -^ lines per square centimeter. (16) 

The potential difference between the two cylinders is found by integrating 
equation (15) between the limits r = Xi and r = xt 



- X. r 



(17) 



-flog,| OS) 

electrostatic units per centimeter 



length of cylinders. (20) 



2 log* - 

Xi 



9. Capacitance of parallel wires. — Determine the capacitance of two parallel 
wires (Fig. 281), their radii r, the distance between their centers D, their 
length / and the dielectric constant K being given. Let the charge per centi- 
meter length of the positive wire be Q and the charge per centimeter length of 

the negative wire be — Q. Then the field in- 
P ^ D 0.^ ;.:::.:!; tensity at any point distant x centimeters from 
/^JA _ . : /pN the axis of conductor A is 

and the potential difference between A and B is found by integrating equation 
(21) between the limits x = D — r and x = r, 

= -^ log- —^ (23) 

* The expression loge may be replaced by log# — without appreciable eixor 

when the ratio - is large. 
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and C = 2 (24) 

K r 

K 

= ^ electrostatic units per centimeter 

. D — r 
4 log, — y- 

length of circuit. (25) 

xo. Capacitance of each conductor in a three-phase circuit — The capacitance 
^^ a conductor in a three-phase system depends on its 

Position relatively to the other conductors in the system. ^1. 

^ere will be considered here only the two commonly • / 1 \ \ 

*^s^ arrangements: (a) when the conductors are placed p / j ^^o 

^^ the vertices of an equilateral triangle, (6) when the / / ^ \ \ 

conductors are in the same plane. i^^ ^^::irY* 

(a) When the conductors are placed at the vertices of an ^ w -^^ 

f<iuilateral triangle. — From equation (22) the polen- yig. 282a. 

tial difference between any conductor (Fig. 282a) and 

the neutral plane halfway between the conductor and either of the other 

conductors is 

£=flog.^' (.6) 

and the capacitance of each conductor is 

c 2 

2p, D-r , . 

K ^^* "7" ^^^^ 

= =; electrostatic units per centimeter 

1 D — r 
2log.- 

f 

length of conductor, (28) 

i.e.f the capacitance of each conductor in a three-phase system, when the con- 
ductors are placed at the vertices of an equi- 
ty |> >* 4 — D" *1 

_(y : ^ ^ lateral tnangle, is twice the capacitance of the 

_. J. , loop formed by any two of the conductors. 

(6) When the conductors are in the same plane. 
From equation (22) the potential difference between A or B (Fig. 282b) and 
their neutral plane is 

E, = ^yiog.— ^''. , (29) 

the potential difference between ^4 or C and their neutral plane is 

£2 = ^ log. - — ~ , (30) 
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and the potential difference between B or C and their neutral plane is 

£.= flog.^'. (31) 

Under the common practice of transposing the conductors of polyphase 
systems, the capacitances of the conductors are sensibly equal, and may be 
calculated by means of the following equation: 

C = i^ C^2) 

K ^""^^ r ^ K ^""^^ r 



lIL 



, D-r . , iD-r 
4 log. h 2 log« 



{^^) 



r r 

K 



I 1.26 iP - f) 

2 log, ^ ^ 

r 



electrostatic units per centimeter 



length of conductor.* (34) 

II.' Charging current in a three-phase system. — From equation (16), Chapter 
I, the current due to the capacitance of a single-phase line is 

/c=2x/C£. (35) 

when the capacitance is concentrated. But the voltage between the terminals 
of a condenser star-connected to a three-phase system is — - times the line-to- 

line voltage. Therefore, the charging current due to the capacitance of a 
three-phase line is 

,. \x fCE f ^. 

^c = — -^ , (36) 

and is --(=1.15) times the charging current flowing in the circuit formed 

by any two of the conductors when the voltage between lines is equal to the 
linc-to-linc voltage of the three-phase system. 

12. Energy stored in the dielectric field. — When the intensity of a dielectric 
field increases or decreases, a current flows to or from the charged body. 

and q = Ce, (38) 

de 
Therefore, *"^7/" ^'^^ 

* Equation (33) gives values only slightly gr 3ater than those given by equation (27) . 
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But Wcfpdt (40) 



feidt 



(41) 



= C C ede (42) 

= — ergs (43) 



when the applied voltage varies from e to zero. 

Substituting in equation (43) the value of e obtained in equation (9), and that 
of C obtained in equation (13) 

^c = 7^X^ (44) 

O IT 

But F = I (46) 

and i4/ = F cubic centimeters. ^ (47) 

Therefore, Wc = ^-^ X F ergs (48) 

ergs per cubic centimeter (49) 



8ir 



ergs per cubic centimeter. (50) 



13- Dielectric hysteresis. — It has been experimentally shown that the 
energy (heat) dissipated in the dielectric of a condenser is greater with alter- 
nating current than when a constant difference of potential exists between the 
condenser terminals, the effective value of the alternating electromotive force 
being equal to the constant electromotive force. This additional loss is due 
to so-called dielectric hysteresis. 

When a condenser is connected to an alternating-current circuit, the chang- 
ing value of the dielectric flux induces alternating electromotive forces in any 
conducting particles that may have become imbedded in the dielectric. Di- 
electric hysteresis is, therefore, more nearly analogous to eddy currents than to 
magnetic hysteresis. Dielectric hysteresis losses are always small, and are 
usually neglected. 

I4« Charging and discharging current in a condenser circuit. — When an 
electromotive force of constant value is applied to a circuit containing both 
resistance and capacitance, a charging current flows in the circuit; when a 
drcuit containing both resistance and capacitance is disconnected from a 
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^^source^rtronstanl electromotive farce, and the circuit dosed, a discharging 
current flows in the circuit. Let 

E " the applied electromotive force, 
R = the resistance of the circuit, 
C = the capacitance of the circuit, 

JJ = the rate at which the capacitance charges or discharges. 
For a charging c 

(SI) 

(sO 
(a) 

(54) 

(55) 
(56) 
(57) 

(58) 

<59> 
(fc) 
(6.) 
(61) 

(63) 

(64) 

15. Corona. — The phenomena known as corona * is an electrostatic (leak* 
age) dbcharge between wires of difierent potential, and takes place when the 

• See The Transactions of the American Institute of Electrical Engineers, Vol. 
XXX, pages 1889-1965 and Vol. XXXI, pages 1051-1092, "Law of Corona and the Di- 
electric Strength of Air," by F. W. Peek, Jr.. Vol. XXXI, pages t03S-iO49, " CoiiMia 
Losses Between Wires at High Voltages," by Q. Fntnds Harding. 
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potential di£feience between the wires exceeds a certain "critical" value, de- 
pending on the diameters of the wires and their distance apart. In an alter- 
nating-current system, the power losses due to corona are proportional to the 
frequency and to the square of the increase in voltage above the critical value, 
but are usually negligible for voltages up to 45,000. At voltages materially 
higher than the critical value, a visible halo-like envelope surrounds the con- 
ductor, the diameter of the envelope increasing as the voltage increases. 
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APPENDIX D 
THE COMPLEX QUANTmf 
Admittance, Conductance and Susceptance 
. The complex qiuutlt;. — It is evident that t heeQ UfltJon 



litb 



n = 6 ±jc, 
timtj indicates that b anil r 




OH 

-igfat u^c*, and «i« to 



j may be defined ■■ the ooa|ilez opantac, Ae effect of 
vector to iriiich it k affBoi, 90 degnM fanmd ^.nhtfan 
fine. Hk effect otyxyor^ It to ntatotkavKtoc 180 ' 
to the leteence Une, ud the tlaatw^ nine of 

Tberelbre, j— V— i. 

Addition, subtraction, multiplication. and division of equations involving the 
complex quantity are essentially algebraic operations, and are governed by 
the laws of such processes. The use of the complex quantity greatly simplifies 
the solution of some alternating-current problems, particularly those relating 
to transmission lines and distributing networks. 

]. Examplea. — (i) Find the line current when the currents in the parallel 
branches of a circuit are: /i = 6 — j 3, and I2 = S — j 3. 
I = 




(2) Find the applied electromotive force, the power component, the wattless 
component, and the power in a series ciicuit when: / ■■ S + /i and 
Z ■= 10 -\-j s. 
E~ ZI 

= ioo+j35+j40+j«io 
= 90 +j 65 (since j* - - 1) 
= ^(90)* +(65)' 
— lit volts (applied). 
£[ = 90 volts (power component). 
31a 
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Et^ 6$ volts (wattless component). 

= 4So+i325+iiSo+j«i30 
= 320+7505 
P = 320 watts. 

(3) Find the power in an electric circuit when: / == 10 + j 4 and 

£=» 150 -i 24. 
EI = (150 -i 24) (10 +J4) 

= 1500—7240+7600—^96 . 

= 1596+7360, 
p s 1596 watts. 

3. Admittance, conductance and susceptance. — The value of the current in 
any circuit is expressed by the equation 

/=f (5) 

E 



,- (6) 

Bhiultipl3ring the right-hand member of equation (7) by -R =F jX 

^ iP + X* . ^^^ 

The value of the current in the circuit may also be expressed by the equation 

I "YE (10) 

= («=Fi6)£, (11) 

frhen Y '*-^ and is termed the admittance of the circuit, 

g sM F cos and is termed the conductance of the circuit, 
^ a F sin and is termed the susceptance of the circuit. 

From equations (11) and (9) 

1^., the conductance of a series circuit is equal to its resistance divided by the 
iquaxe of its impedance 

R 



« * = :^» (13) 



♦ Compare equations (13) and (14) with equations (124) and (129), Chapter i. 



["Upf- 
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and the mKeptance oE a series circuit is equal to its reactance d 
•qnan of its impedaace, 

AdmUtances, like impedances, must be combined geometrically; 
Uooei OE susceptances arc combined algebraically. 

APPENDIX D — PROBLEMS 
1-6. Solve Problema 1 to 6, Chapter 18, asiag Cwnplex QusDt!^. 
7-14. Solve ProUems aa, 30, 34, 33, 36, 40, 41 and 43, Chapter i, 
nitUnc^ conduct^ce and luscqitance values. 

* CoaqMre equadoat (tj} and (14) witheqiiatlatta(i>o)aod(tas), Oupttrb 
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APPENDIX E 

RULES RECOMMENDED BY COMMISSION ON RESUSCITATION 

FROM ELECTRIC SHOCK 

Representing 

The American Medical Association 

The National Eleetric Light Association 

The American Institute of Electrical Engineers 

I>R. W. B. CANNON, Chairman DR. GEORGE W. CRILE 

Professor of Physiology , Harvard Professor of Surgery ^ Western Reserve 

University University 

I>R. YANDELL HENDERSON MR. W. C. L. EGLIN 

Professor of Physiology, Yale Univer- Past-President^ National Electric 

sUy Light Association 

I>R. S. J. MELTZER DR. A. E. KENNELLY 

Head of Department of Physiology Professor of Electrical Engineering, 

and Pharmacology, Rockefeller In- Harvard University 

stUuU for Medical Research DR. ELIHU THOMSON 

I>R. EDW. ANTHONY SPITZKA Electrician, General Electric Com- 

Director and Professor of General pany 

Anatomy, Daniel Baugh Institute of MR. W. D. WEAVER, Secretary 

Anatomy, Jeferson Medical College Editor, Electrical World 

, Copyright, 191 2, by 

IfATIOlfAL ELECTRIC LIGHT ASSOCIATION 
FoUew these instructions even if victim appears dead, 

L IMBfEDIATELY BREAK THE CIRCUIT 

With a single quick motion, free the victim from the current. Use any dry 
non-ccnductar (clothing) rope, board, to move either the victim or the wire. 
Beware of using metal or any moist material. While freeing the victim from 
the live conductor have every efifort also made to shut ofif the current quickly. 

IL INSTANTLY ATTEND TO THE VICTIM'S BREATHING 

I . As soon as the victim is clear of the conductor, rapidly feel with your finger 
in his mouth and throat and remove any foreign body (tobacco, false teeth, 
etc.). Then begin artificial respiration at once. Do not stop to loosen the vic- 
tim's clothing now; every moment of delay is serious. Proceed as follows: 

331 
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[a) Lay the hulijt^ct on bis belly, wilh his arms extended as straight for« 
as passible and with face tooncside, so that nuse and mouth are Irceiurbie^iii- 
ing {see Fig. i). Let aa assistant draw forward the subject's tongue. 




{b) Kneel, straddling the subject's thighs, and facing his bead; rest the pa^ 
of your hands on the loins (on the muscles of the small of the back), with fiapts 
spread over the lowest ribs, as in Fig. i. 

(t) With arms held straight, swing forward slowly so that the weight of yuW 
body is gradually, but not violmlty, brought to bear upon the subject (see Fig- 
a). This act should take from two to three seconds. 

(if) Then immediately swing backward so as to ^emo^'e the pressure, tbu> 
returning to l he position shown in Fig. i . 

(e) Repeat deliberately twelve to lifleen lioies a minute the swinpngfW" 
ward and back — a complete respiration in four or five seconds. 

(/) As soon as this artificial respiration has been started and while it is bcini 
continued, an assistant should loosen any tight clothing about the subjtct'i 
neck, chest, or waist. 

2. Continue the artificial respiration (if necessary, two hours or lonfolj 
viiPiout interruption, until natural breathing is restorcil, or until a physidin 
arrives. If natural breathing stops after being restored, use artificial respin- 




Fic, 2. — F.xpiralion; prt; 



3. Do not give any lit/iiid by mouth until the subjecl is fully conscious. 
Give the subject fresh air. but keep him warm. 
m. SEHD FOR NEAREST DOCTOR AS SOON AS ACCIDENT 
IS DISCOVERED 
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Admittance, 329. 

Abvolt, 33. 

Air-break switches, 244. 

All-day efficiency, 73, 189. 

Alternating-current circuits, 9, 10, 11, 13, 14, 270. 

resonance in, 22. 
Alternating current, hydraulic analogy for, 2. 
Alternating-current series motor, 227. 
Alternator efficiency, 143. 
Alternator, frequency of, 56. 
Alternator, inductor, 57. 
Alternator losses, 141. 
Alternator ratings, 146. 
Alternator regulation, 134. 
Alternator, single-phase, 127. 

speed and frequency of, 56. 
three-phase, 128. 
two-phase, 128. 
voltage of, 123. 
Alternators in parallel, load division of, 144, 158. 
Alternators, parallel, operation of, 143. 
synchronizing of, 144. 
voltage characteristics of, 133. 
American wire gauge, 269. 
Ammeters, 252. 
Ammeter shunts, 254. 
Ampere, 4. 

^pere-tum, relation of the gilbert and the, 39. 
'J'Tnatiire core, 46. 

^J'^aature inductance, compensation for, 229. 
'J'^future reaction, 64, 81, 129. 
^^''^Jiature windings, basket, 51. 

chain, 51. 
distributed, 124. 
lap, 49. 
* wave, 50. 

*^ lamps, carbon, 238. 
flaming, 238. 
A magnetite, 237. 

A ^niatic starting rheostats, 90. 
^^^o- transformer, the, 190.- 
^^^rage value of the sine, 307. 
^ttige value of the sin*, 307. 

^^^nced three-phase system, 109. 

^^^?*^» 299-304. 
j^chboards, 251. 



^"^ motor, Wagner, 232. 
W?^ters, 303. 
^^*^ter converter, 170. 

^^^wn and Sharpe ^ire gauge, 269. 

5*^h advance, 64. 

**^hes, carbon, 53. 
copper, 53. 



335 



Cnpadtance, 8, 32a. 

of concentric cylinder, jat. 

ot parallel plates, 320. 

of parallel wires, 3:1. 

of three-phrase orcuits, 333, 

of transmisslan lines. 170. 
Carbon-brenh switdus. 344. 
CanTUig cspadly of wires, J70. 
C. (i. S. unit of current, 39. 

Circufts, allcmnling-curreat, q, 10, 11, 13, 14, 170. 
panlld, 3. 

Cirde dbgram for induction motor, ii4-ai7. 

for Bvnchronous motor, 136. 
(^rculox mil, 5. 
Charge, clectiii:^ 319. 
Chiuvipe current, 370, 3:4. 
CoefncienI, lenkag«, 41. 

temperature, >;. 
CoimnutatioD, contittuous-cutrent dynamo, fia-M, 8t. 

series allernatiog-current motor, itj. 

apaildess, 64. 
CoQunutatioD, n.'sistance, 61. 

voltage, 61. 
I Commutating flus, 64. 
I Commutator, 51, 161. 
Compttmaa at aedee motact, if. 
Comparison of star- and delta-coimected systems, T13. 
Comparison of two- and three-phase systems, 119. 
Compensated repulsion motor, 131. 
Compensation for armature inductance, 219. 
Compensation, voltmeter, iSi. 
Complen quantity, 318. 
Compound dynamo, 55. 
generator, 6g. 
motor, 86, 87. 
Compounding, 70, 71. 
Concatenation of induction motora, 225. 
Concentric cylinders, capacitance of, 321. 
Conductance, 329. 
Conductors, 268. 
Connection to load circuits, 76, 
Constant-current transformer, the, 193. 
Constancy of power in polyphase systems, 115. 
Constants, hysteretic, 317, 
Construction of transformers, r83. 
Continuous-current dynamo, 54. 
Continuous-current, hydraulic analogy for, a. 
Control, speed, 82. 
Cooling of transformers, 188. 
Copper loss in transfonners, 186. 

Corona, 326. 
Coulomb, 4. 

Counter- electromotive force, 40, 79, rso, 178. 
Cross- tnagnetiiing magnetomotive force, 65, 131. 
Cumularive compound motor, 86, 103. 
Current, charging, 270, 324. 
c. G. s. unit of, 39. 
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Current, density in carbon brushes, 6i. 
effective, 17. 
induced, 32. 

relations in transformers, 180. 
the electric, i. 
triangle, 14. 
transformer, 255. 
wattless, 22, 23, 173. 

Decay of current in an inductive circuit, 318. 

Delta-connected three-phase system, iii. 

Demagnetizing magnetomotive force, 66. 

Detector, ground, 266. 

Determination of stray power, experimental, 98. 

Diagram, Mershon's, 278. 

Dielectric field, 319. 

energy stored in, 324. 
flux, 319. 
hysteresis, 235. 
Differential compound motor, 87. 
Direction of magnetic flux, 29, 30. 
Distributed armature windings, 124. 

effects of, 126. 
Distribution of flux in air gap, 64. 
Discharging current in condenser circuit, 326. 
IHstributing systems, 3, 273. 
Dbtortim of current wave due to hysteresis, 316. 
Dynamo, compound, 55. 
elementary, 42. 
losses, 93. 
parts of, 46-51. 
series, 55. 

separately exdted, 54. 
shunt, 54. 

^^omy of the three-phase system, 119. 

^dy current brake, 260. 

*5?y currents, 95. 

^!^n battery, 301. 

^•Icctric arc, instability of the, 240. 

p. power factor of the, 240. 

pj^ctric charges, properties of, 319. 

^*®<^c current, field intensity produced by the, 37. 



manifestations of, 2. 
I. 
hydraulic analogy for, 2. 



^''^ctric currents, i. 

Pi hyuruuuc aiuu 

pj^^c circuit, power in an, 15. 
i;.f^^ric shock, resuscitation from, 331 



^Hc umts, 4. 

ff^^^tjical degree, 125. 

g^^^rolytic ceU, 284. 

^f^rodynamometer, 253. 

j^tomagnet, the, 30. 

^^^-^tostatic units, 319. 

^ ^ voltmeter, 256. 

^^ctive current, 17. 

g^ electromotive force, 17. 

^^^ of distributed armature winding, 126. 

^^^ency, loi. 

all-day, 73. 

alternator, 143. 

synchronous motor, 154. 

transformer, 188. 
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Electrical degree, uj. 

Electricity, nature of, i. 

Electromotive force, 4, 33, 60, 75, 133, 165, 180. 

Eleclroinotive force, counter, 40, 79. 

cflecUvc, ij. 
Elementary dynomo, 43. 
Elimination of haimonics, iiG. 
Ewrgy stoivd in a dielectric field, 314. 
magnetic field, 315. 
Equalizer, jo, 75. 
Equivalent reactance, 1S7. 

resistance, 186. 

^ngle>pbase system, 1 10, 
Experimental determination of stray power, 90. 
Faraday's Law, 31. 
Feeder regulation, ijg. 
Field diachargc resistance, 58. ' 
Field intensity, magnetic, 30. 

due to unit pole, 37. 
produced by an eleclric cunent, 37. 
Field, magnetic, ig. 

windings, 46. 
Flux, commulBling, 64. 
density, 31. 
dielectric, 31Q. 
due to unit charge, 310. 

pole, 37. 
leakage, 41, iSo. 
magnetic, 31. 
Force, magneiiang. 31. 

majjnetomolive, 31. 
of magnetic traction, 39. 
Frame, 46, 
Ftequency, 57. 

changer, 221. 
Frequency meters, split phase, 266. 

vibrating leed, 165. 
Frequeitcy of alternator, 56. 
Friction and iron losses, separation of, 100. 
Frictional tosses, 97. 
Fundamental equation of the generator, 60. 

motor, 79. 
Fundamental physical action in the transformer, 178. 
Fuses, 144. 

Gap, spark, 357. 

General Electric RI motor, 132. 

Generator, compound, 69. 

fundamental equation of the, 60. 

induction, 124. 

shtmt, 66. 
Generators, parallel operation of, 73, 143, 
Gilbert and the ampere-turn, relation of the, 3g. 
Graphic meters, 262. 
Ground detector, 166. 
Growth of current in an inductive drcuit, 318. 

Harmonic quantities, 305. 

combination of, 303. 
examples of, 305. 
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Hannonic quantities, instantaneous values of, 305. 

rate of change in, 305. 
resolution of, 307. 
Harmonics, elimination of, 126. 
Heating, 104. 

High-voltage measurements, 256. 
Holders, brush, 54. 
Horn gap, 284. 
Hot wire instruments, 252. 
.Hunting, 154. 

Hydraidic analogy for alternating currents, 2. 

continuous currents, 2. 
pulsating currents, 2. 
Hysteresic constants, 317. 
Hysteresis, dielectric, 325. 

dbtortion of current wave due to, 316. 
loop» 316. 
loss, 95, 316. 

Incandescent lamps, 240. 
Inductance, 7. 

of a coil, 314, 315. 

of a conductor with earth return, 314. 
of a three-phase system, 313. 
of parallel ydres, 311. 
of transmission lines, 270. 
Impedance, 12. 
Impedances in parallel, 20. 

series, 19. 
Induced currents, 32. 
Induction by varying flux density, 35. 
instruments, 253. 
generator, 224. 

motor action, circle diagram, 214. 
construction, 203. 
generator action, 206. 
performance curves, 213. 
slip of rotor, 206. 
slip-ring rotor, 203. 
squirrel cage rotor, 203. 
starting, 210. 

s>Tichronous speed of, 206-7. 
torque, 207. 
regulator, 2S0. 
Impedance, 12. 

triangle, 12. 
Inductor alternator, 57. 
Instability of the electric arc, 240. 
Instruments, use of, 23. 

electrodynamometer, 253. 
hot \vire, 252. 
induction, 253. 
permanent magnet, 252. 
soft iron, 253. 
Insulation, wire, 269. 
Insulators, pin, 269. 

suspension, 269. 
Interpoles, 64. 
Inverter converter, 165. 
Iron losses, 95. 

in transformers, 184. 
separation of, 100, 184. 
separation of friction and, 100. 
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^^^^^^^^^1 


Joule, 4. 
Joule's Law, 15. 


^^^^1 


Kibn-nlt, S- 


^^^^H 


Lamps, arc, 335. 

incanilcsrcnl, 240. 
nitrogen -filled, J41. 
Netnsl, 24:. 


^H 


mercurj- vapor, 141. 
i^eneralivc, 23Q. 
quarti, 141. 
Law, Faraday's. 31- 

ol Lhe ma^etic circuit, jt. 
Ohm's, 6, 


^^1 


^_ ^ i>>.gi>etic4o,i8<x 





Ll^ittJng Miften, afla. 
Llndtatloia of the rio|^e-^uue q 



I.aiid circuits, connectltNi of geaaatoa to, 76. 
Lowl diviitoti of alteniUoiB, 144, 158. - 
LoMEi, biudMonttct, 94- ^ 

deUnnfamkn of, g8, 141, i8<, 186. 



Magnetic circuit, law of the, 31. 
dampers, 15S. 
6eld, 39. 

production o( a, ig. 
energy stored in a, 315. 
flux, 31. 

due to unit pole, 37. 
leakage, 40, 180. 
neutral, 63, 64. 
traction, force of, 3g, 
units, 30. 
Magnetism, 29. 
Magnetization curves, 41. 
Magnetiising force, 31. 
Magnetomotive force, 30, 31. 
Manifestations of the electric current, 3. 
Maximum load of s}-nchronous motor, 15 
torque of induction motor, iit 
Measurements, high-voltage, 256. 
Mercury arc rectifier, construction, i6l. 
efficiency, 163. 
limitaiions, 163. 
operation, 163. 
starting, 162. 
use, 164. 
Mercury vapor lamp, 741. 
Mershon's djagram, 178. 
Meters, graphic, 262. 
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Meters, power factor, 264. 

recording, 262. 
Mil, circular, 5. 
Moore tube, 241. 
Motor, alternating-current series, 227. 

compensated repulsion, 231. 

fundamental equation of, 79. 

generator, 161. 

General Electric Rly 232. 

operated switches, 249. 

repulsion, 230. 

series, 85. 

shunt, 81. 

starting rheostats, 87. 

Wagner BKy 232. 
Multiple- wire systems, 274. 
Multiplier, 256. 

Nemst lamp, 241. 
Neutral in three-phase system, 109. 
Neutral, magnetic, 63, 64. 
Nitrogen-filled lamp, 241. 

Oil-break switches, 245. 
Ohm, 4. 
Ohm's Law, 6. 
Oscillograph, the, 126. 

Parallel circuits, 3, 274. 
Parallel operation of alternators, 143. 

generators, 73. 
induction generators, 224. 
Parallel wires, capacitance of, 322. 
inductance of, 311. 
Parts of the dynamo, 46-51. 
Permanent magnet instruments, 252. 
Permeability, 30, 31. 
Phase characteristic, 155. 
difference, 307. 
transformation, 199. 
Pole-face losses, 97. 
Poles, field, 46. 

Polyphase armature reaction, 131. 
Polyphase systems, constancy of power in, 115. 

power factor of, 1 14 
power in, 114. 
Polyphase transformers, 194. 

wattmeters, 260. 
Potential difference between points, 319. 

transformer, 256. 
Properties of electric charges, 319. 
Power in an electric circuit, 15. 

in a polyphase system, 114. 
factor, 18. 
factor meters, 264. 
factor of polyphase system, 1 14. 
factor of the electric arc, 240. 
measurements, 116. 
Production of a magnetic field, 29. 
Proof of the circle diagram, 217. 
Pulsating current, hydraulic analogy for, 2. 
Protection of motors, 245. 




equivalent, 1 87. 
aynchroDOUS, ij6. 
rlADces in parallel, 19. 

wries, 18. 
Mion, annnture 64. 81. ug. 
r>f magncl[c tela and 
"filing meters, !6i. 
ation, allenialor, 134. 
recder, 179. 
limits, 139. 

tntnsFormer, 1S9. 

vaitage. 61, 
(-pole converter, 169. 

nduction, 2 So. 

Hrrill. 7;, 140. 
~ the gilbert tad the ampcre-tum, 39. 
. 30. 3'- 

,S- 
and reactance in parallel, 19. 
effect of temperature on, 5. 
equivalent, 186. 
field discharge, 58. 
ReEistanccs in parallel, 19. 

Resonance, 10. 

in alternating-current circuits, ii. 
Revering direction of induction motor rotation, 
motor armature rotation, , 
Rheostats, motor-starting. S7. 
RI motor, General Electric, 33!. 
Rotating field in single-phase induction motor, 11 

Saturation curve for alternator, 134. 
Separately excited dynamo, 56. 
Separation of friction and iron losses, 100. 
Series circuits, 3, 273, 

dynamo, 55. 

generator, 6S. 

on altemating-cun«nt circuit, 2IJ. 
torque of, 85. 
motors, comparison of, 229. 
Series-parallel starting, 87. 
Scries transformer, 255. 
Short-circuit curve for altematot, 135. 
Shunts, ammeter, 254. 
Shunt dynamo, 54. 
generator, 66. 
motor. Si. 

on alternating-current circuit, 126. 
Sine, average value of, 307. 
Sin', average value of, 307. 
Sin^-pbase alternator, 127. 
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Single-phase armature reaction^ 129. 
induction motor, 218. 

generator action, 218. 
rotating flux, 219. 
speed- torque curves, 221. 
starting, 219. 
transformer action, 218. 
s>'stem, equivalent, 120. 

limitations of, 107. 
Skin effect, 271. 
Slip of induction motor, 206. 
Solenoid-operated switches, 246. 
Solenoid, the, 29. 
Soft iron instruments, 253. 
Spark gap, 257. 
Sparking, 87, 104. 
Sparkless commutation, 64. 
Speed of alternator, 56. 
Speed-torque relations, 80. 
Speed control, 82. 

regulation, 82. 
Split-pole converter, 169. 
Stability of synchronous motor, 153. 
Star-connected three-phase system, 109. 
Starting of s>Tichronous motors, 151. 
Storage batter>% internal actions of, 299. 
Stray power, experimental determination of, 98. 
Stroboscopic method of slip measurement, 206. 
Structure of synchronous motor, 149. 
Susceptance, 329. 
Switchboards, 249. 
Systems, distributing, 273. 
Switches, air-break, 244. 
automatic 245. 
carbon-break, 244. 
i oil-break, 245. 

motor-operated, 249. 
solenoid-operated, 246. 
Switch operation, 246. 
S>Tichroscope, 262. 

Synchronous converter, armature reaction, 172. 

compounding, 169. 
construction, 164. 
current relations, 167. 
efficiency, 171. 
heating, 173. 
hunting, 171. 
o{x;ration, 164. 
rating, 176. 
regulating-pole, 169. 
starting, 168. 
voltage relations, 165. 
Synchronous motor, efficiency of, 154. 

maximum load of, 154. 
stability of, 153. 
starting of, 151. 
structure of, 149. 
torque-load adjustment of, 150. 
Synchronous phase modifier, 157. 
Synchronous speed of induction motor, 206-7. 
S>'nchronizing of alternators, 144. 

T-connected three-phase system, 112. 




l^mperatuie coefGdent, s. 
Ifaihinal vottage, ijq. 
ThRp-pfaasc ^tcmator, 128. 

system, ba]s.nced. log. 

CBpaci lance of, 313. 

delta-connecled, ill. 

economy of, 1 ig, 

atar-coDHectcd, icjg. 
Ttac-phase system, T-connected, lu, " 

unbalanced, 114. 

V-connectcd, iii. 
nirtll regulator, 72, 140. 
Torque e<:|uatiDn for induction motors, zog. 
Toq ue<laiid adjustment o( syncbroi 
Toniue of series motor, 85. 
shunt motor, St. 
ItectioD, force of magnetic, 39. 
Tmus forma lion, phase. 100. 
'iDansformcr, fimdnmcntol phyucol Action in a, 178. 

connections (or sinele-phase drcuits. 196. 

lirce-phftse 

constant- current, 191 

current, 355. 

losses, 184, 1S6. 

potential, is6. 
Trmsformecs, construclion of, 183. 

current reU lions iu, 
^ cooling of, 188. 

effidency <ji, iSA. 

pdyphase, 194. 

protection of, tg6. 

series, 355. 

types of, 183. 

Vector diagrams for, iSo. 
TraosmissioD lines, capadtance of, 170. 
inductance of, 37a. 
Triangle, current, 14. 

impedance, iz. 
voltage, II. 
Tube, Moore, 341. 
Two-phase system, 107, 
■JVpes of traisfonners, 183. 

Unbalanced three-phase system, 114. 
Units, electric, 4. 

electrostatic, 319. 
magnetic, 30. 
Unit of current, C. G. S., 39. 
pole, 30. 

fidd intensity due to, 37. 
magnetic fiux due to, 37. 
Use of instruments, 33. 

V-connected three-phase system, iiz. 
Vector diagrams for transformera, 180. 
Volt. 4, 33. 
Voltage characteristics of alternators, 133. 

compound generators, 70. 

series generators, 68. 

shunt generators, 67. 
Voltage of altematois, 133. 
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Voltage of continuous-cunent/generatoiBy 60. 

regulation, 61. 

terminal, 139. 

triangle, 12. 
Voltmeters, 252. 
Vdltzneter compensation, 282. 
electrostatic, 256. 

Wagner BK motor, 232. 
Watt, 4. 

Wattless current, 22, 23, 173. 
Watt-hour meter, commutator, 260. 

inducticm, 261. 
Wattmeter connections, 116. 
Wattmeters, electrodynamometer, 258. 
induction, 258. 
polyphase, 2<3o. 
VHiidings, armature, basket, 51. 

chain, 51. 
lap, 49. 
wave, 50. 
field, 46. 
Wires, carrying capacity of, 270. 
Wire gauge, American, 270. 
ITHiing formulae, 276. 
W<^k, 15. 

Y<^e, 52. 

Y-connected three-phase system, 109. 
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Addyman, F. T. Practical X-Ray Work 8vo, 

Adier, A. A. Theory of Engineering Drawing. ,.,,,.. 8to, 

-Principles of Parallel Projecting-line Drawing. Bvo, 

Aikman, C. U. Manures and the Principles of Manuring. 8vo, 

Aitken, W. Manual of the Telephone Svo, ■ 

d'Albe, E. £. F., Coatemporary Chemistry . . 131QO, 

Alexander, J. H. Elementary Electrical Engineering. . .iimo, 

4Jlan, W. Strength of Beams Under Transverse Loads, f Science Series 

No. IQ.) . i6nio, 

Theory of Arches. (Science Series Ho. ii.! t6mo, 

Allen, H. Modern Power Gas Producer Practice and Applications iimo, ' 

Gas and Oil Engines . . . 8?o, ' 

Anderson, F. A. Boiler Feed Water 8vo, ' 

Anderson. Capt. G. L. Handbook for the Use of Blectriciaiu 8to, 

Anderson, J. W. Prospector's Handbook . , iimo, 

Andft, L. Vegetable Fats and Oils ' . Svo, « 

— — Animal Fals and Oils. Trans, by C. Salter . . Svo, • 

Drying Oils, Boiled Oil, and Solid and Liquid Driers . . . Svo, ■ 

Iron Corrosion, Anti'fouting and Anti-corrosive Paints. Trans, by 

C.Salter... 8td, ' 

&nd£i, L. Oil Colors, and Printers' Ink. Trans, by A. Harris and 

H. Robaon Svo, • 
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Astfes, L. Treatment of Paper fat Speciil Purposes. Tiai^ bj C. Sailer. 

Andf ews, E. S. Reinfoteed Concrele CoosCnictioD lamo, 

Theory and De«ign of Structures ... ,,.»vo, 

Further Pioblems in the Theory and Design of StiDCtnres Svo, 

Andrews, E. S,, and Heywood, H. B. The Calculus for Bngineets iimo. 
Annual Reports on the Progress of Chemistry. Twelve Vola 

rfady. Vol. L, i^^ Vol. XII.. 1914 Svo. each. 

Argand, H. Imaginary Quantities. Traoslaled from the French by 

A. S, Hardy. (Science Series Mo. S'-) 

Aimsttong, R., and IdcU, F. E. ChiroaeyE for Furnaces and Steam Boiler*. 

I Science Series Mo. i.) 

Arnold, E. Armature Windings of tlirect-CurrenI Dynamos. Trans, by 

F. B. DeGrcES Svo, 

Asch, W., and Ascb, D. The Silicates in Chemistry and Commerce Svo, 

Asbe, S. W., and Keiley, J. D. Electric Railways. Theoretically and 

PracticaUy Treated. Vol. I. Rolling Stock 

Ashe, S. W. Electric Railways. Vol. 11. Engineering Preliminaries and 

Direct Current Sab-Stations 

~— Electricity: Eiperi men tally and Practically Applied. . 

Ashley, R. H. Chemical Calculations 

Atkins, W. Common Battery Telephony Simplified . . 
Atkinson, A. A. Electrical and Magnetic Calculations . Svo, 

Atkinson, J. J. Friction of Air in Mines. (Science Series Ko. 14.1 . . i6mo, 
Atkinson, J. J., and Williams, Jr., E. H. Gases Met with in Coal Mil 

(Science beries Ho. 13,1 
Atkinson, P. The Elements of Electric Lighting. . 

The Elements of Dynamic Electricity and Magnetism, 

— ■ Power Transmitted by Electricity 

AuchindOEG, W. S. Link and Valve Motions Simplified . .Bvo, 

Austin, E. Single Phase Electric Railways 4tO, 

Ayrion, H. The Electric Arc , , , . Svo, 

Bacon, F. W. Treatise on the Richards Steam-Engine Indicator . 

Bailes. G. U. Hodern Mining Practice. Five Volnraes . . .... Svo, each, 3 50 

Gaiiey, R. D. The Brewers' Analyst , Svo, "5 00 

fiaker, A. L. Quaternions .Svo, *l 15 

— ^ Thick-Lens Optics . . 

Baker, Benj. Pressure of Earthwork, (Science Series Mo. 56.)...i6mo, 

Bftker, I. O. Levelling. (Science Series Ho. gi.) . . , . i6mo, o so 

Baker, M.B, Potable Water. (Science Series Mo. 61.) i6mo, 050 

~— ^ Sewerage and Sewage Puriflcalion. (Science Series Mo. 18.) 
Baker, T.T. Telegraphic Transmission of Photographs 
^ale, G. R. Modern Iron Foundry Practice. Two Volumes. 

Vol. I. Foundry Equipment, Materials Used *l 50 

Vol. n. Machine Moulding and Moulding Machines . *i 50 

"all, J. W. Concrete Structures in Railways Svo, •» jo 

**all, H. S. Popular Guide to the Heavens Svo, "4 50 

~^ — natural Sources of Power. (Westminster Series.1 .. Svo, ■» 00 

1, W. V, Law Affecting Engineers Svo, *i JO 
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Brijwii, Wzn. N. Dipping, Bamishing, Licqucring and Bronzing 
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3 Wai 



. Handbook on JapannioK and Enamelling. .. . . .. 

House Decorsting and Paioliog . . 

. History of Decorative An 

Workshop Wrinkles 

Erowne, C. L. Fitting and Erecting of Engines 
Browne. R. E. Water Meters. (Science Seriei No. J 

Bruce. E. M. Pure Food Tests . 

Bruhns, Dr. New Manual of Logarithms 



Bruoner, R. Manufacture of Lubricants, Shoe Polish:: 

DressingE. Trans, by C. Sailer 

Buel, R. H. Safety Valves. (Science Series No. vO . 
Burley, G. W. Lathes, Their Construction and Operiti 
Burstall, F. W. Energy Diagram for Gas. With Text . 

— — Diagram. Sold separately . ... . 

Burt, W. A. Key to the Solar Compass i6mo. leather, 

Buskett, E. W. Fire Assaying . .. iimo, 

Butler, H. J. Motor Bodies and Chassis , 8vo, 

Byers, H. G., and Knight, H. G. Notes on Qualitative Analyais 8*0, 

Cain, W. Brief Course in the Calculus 

-^Elastic Arches. (Science Series No. 48.) tCmo, 

' Maximum Stresses. (Science Series No. 38.). . ..... i6roo, 

— Practical Designing Retaining of Walls. (Science Series No. 3.) 

Theory of Steel-concrete Arches and of Vaulted Structures. 

( Science Series No. 43.) i6mo, 

Theory of Voussoir Arches. (Science Series No. 1 

Symbolic Algebra. (Science Series No. 73.) , i6mo, 

Carpenter, F.D. Geographical Survejring, (Science Series Ho. 37.). t6mo, 
Carpenter, R. C, and Diederichs, H. Internal Combustion Engines. 8vo, 
Carter, E. T. Motive Power and Gearing for Electrical Machinery Bvo. 
Carter, H. A. Ramie (Rhea), China Grass 
Carter, H. R. Modem Flai, Hemp, and Jute Spin 

Bleaching, Dyeing and Finishing of Fabrics. , 

Cary, E. R. Solution of Railroad Problems with the Slide Rule i6mo, 
Cachcan, W. L. Machine Design. Part I. Fastenings 
Cathcart, W, L., and Chaffee, J. L Elements of Graphic Sutics 

Short Course in Graphics 

Caven, R. M., and Lander, 0. D. Systematic Inorgai 

Chalkley, A. P. Diesel Engines . 

Chambers' Mathematical Tables 

Chambers, G. F. Astronomy 

Charpentier, P. Timber 

Chatley, H. Principles and Designs of Aeroplanes. 

No. ij6i 

— ■ How to Use Water Power . 
Gyrostaiic Balancing ... 
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^Ubtld, C. D. Electric Arc 


,, .. 8V0. 
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Pthild, C. T. The How and Why of Electricity 


1 imo. 
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' Christian, M. Disinfection and Disinfectants. Trans. 


by Chas. 




Salter -. 






Christie, W. W. Boiler- waters, Scale, Corrosion. Foamins . 


'.'.". 8vo,' 


'3 oo 


Chimney Design and Theory 


8vo, 


•3 00 


Furnace Draft. (Science Series No. uj.i 


. i6mo, 


50 


Water: Its Purification and Use in the Industries. . . . 


8vo, 




Church's Laboratory Guide. Rewritten by Edward Kinch. , 


8vo, 


•j 5* 




8»o, 


3 50 


Clark, A. G. Motor Car Engineering. ^ -i^^ 


»1^— 


-^^- 


Vol. I. Construction . . . . ' 


... 


'i 00 


Vol. n. Design 


tn Pt>->^.) 




Clark, C. H. Marine Gas Engines 


tamo. 


■i W 


Clark, J. M. New System of Laying Out Railway Turnouts 


.iimo. 


I Qt 


Clarke, J. W., and Scolt, W. Plumbing Practice. 






Vol. I. Lead Working and Plumbers' Materials,,,. 


, 8V0, 


*4 M 


■ Vol. II, Sanitary Plumbing and Fitrings ( 


/,. l-rcSS.) 




m Vol III. Practical Lead Working on Roofs 


h, rrcss.) 




Bciausen-Thue, W. A B C Telegraphic Code. Fourth Edition umo. 


•5 oa 


B Fifth Edition 


8vo, 


•7 00 


B— - The A I Telegraphic Code 


8vo, 


•759 


Bcierk, D., and IdeU, F. E. Theory of the Gas En^e. (Scie 


nee Series 




P- No. 6j.) , 


i6mo, 


SO 


Clevenger, S. R. Treatise on the Method of Govemmenl 


Surveying. 




i6rao, morocco. 


2 50 


Clouth, F. Rubber, Gutta-Percha, and Balata 


8vo, 


*S o-* 


Cocbtan, J. Concrete and Reinforced Concrete Specification 


8V0, 


*i 50 


Inspection of Concrete Construction 


8vo. 


*4 00 


Treatise on Cement Specifications 


- Svo, 


•i oo 


Coffin, J. H. C. Navigation and Nautical Astronomy , 


lamo, 


•3 S» 




iScience 




Series No. J.I 


i6mo, 


5i» 


Cole, B. S. Treatise on Photographic Optics 


iimo. 


I 5* 


Coles-Finch, W. Water, Its Origin and Use 


8vo, 


•S 00 


Collins, J. E. Useful Alloys and Memoranda for Goldsmiths 


Jewelers. 






ii3mo, 


50 


CoUis, A. G, High and Low Tension Switch-Gear Design. 


.... 8vo, 


•3 so 


Switchgear. - Installation Manuals Series, i 


, . iimo, 


■0 50 


Comstock, D. F„ and Toland, L. T, Modem Tlieory of the Constitution 




of Matter 1 


,1 /V.-.7.t. 1 




ConstantiDe, E. Marine Engineers, Their Qualificatioos and Duties. Bvo, 


•1 00 


Coombs, H. A. Gear Teeth. (Science Series Mo, lao.t 


temo, 


sa 


Cooper, W. R. Primary Batteries 


Bvo, 


*4 00 


Copperthwaite, W. C. Tunnel Shields , . 


. 4tO, 
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Corey, H. T. Water Supply Engineering 8vo 


/.. I'rrHS.) 




Corfield, W. H. Dwelling Houses, (Science Series No. 50,) 


. i6mo. 


50 


Water and Water-Supply. (Science Series No. 17,) 


. i6mo. 


so 


Cornwall, H. B. Manual of Blow-pipe Analysis 


,,. ,8vo, 


■i S« 


k- 





10 U. VAN NOSTRAND CO:S SHORT tlTLE CATALOG 

Bwing, A. J. Magnelic laductioo in Iron . . Svo, 

Fairie, J. Notes on Lead Ores , ..umo, 

Notes on Pottery CUya iimo, 

Furlejr, W., and Andre, Geo. J. Ventilatioii of Coal BCnes. (Science 

Series No. 58.) . . i6bu>, 

FoiTweather, W. C. Foreign and Colonial Patent Laws . .8ro, 

Falk, M. S. Cement Morlara and Concretes 8vo, 

Fanning, J. T. Hydraulic and Water-supply Engineering 8vo, 

Fay, L W. The Coal-tar Colors. 8vo, 

Fern bach, R. L. Glue and Gelatine , 8vo, 

Chemical Aspecls of Silk Manufacture. izmo, 

FUcher, E. The Preparation of Organic Compounds. Trans, by R. V. 



Stanford . , 



J 






Flah, J. C. L. Lettering of Working Drawings Oblong Svo, 

Mathematics of the Paper Location of a Railroad .papei, iimo, 

Fisher, H. K. C, and Darby, W. C. Submarine Cable Testing Svo, 

Fleischmann, W. The Book of the Dairy. Trans, by C. H. Aikman. 

8to, 
Fleming, J. A. The Alternate-current Transformer. Two Volumes. Svo. 

Vol. I. The Induction of Electric Cuirenta 

Vol. n. The Utilization of Induced Currents 

Fleming, J. A, Propagation of Electric Currents .... Sto, 

A Handbook for the Electrical Laboratory and Testing Room. Two 

Volumes Svo, each, 

Fleury, P. Preparation and Uses of White Zinc Paints . . 8to, 

Flynn, P. J. Flow of Water. (Science Series No. 84.] . , i jmo, 

■ Hydraulic Tables. (Science Series No. 66.) . , ....... i6ma, 

*"«*'*. J- Shield Tunneling .Bvo. (In Prets.) 

Foster, H. A. Electrical Engineers' Pocket-book. ISeutnlh Edition.) 

ismo, leather, 

Engineering Valuation of Public Utilities and Factories .8ro, 

Handbook of Electrical Cost Data ... Svo (/« Pn-M.) 

Foster, Gen. J. G. Submarine Blasting in Boston (Mass.J Harbor 4to, 

Fowle, F. F. Overhead Transmission Line Crossings iimo, 

The Solution of Alternating Current Problems . . Svo {In Press.) 

Fox, W. G. Transition Curves. (Science Series No. no.) . . . t6mo. 
Fox, W., and Thomas, C. W. Practical Course in Mechanical Draw- 
ing. . . ... i2mo, 

Foje, J. C. Chemical Problems. (Science Series No. 6g.) ...... i6mo, 

Handbook of Mineralogy. (Science Series Wo. 86.1. i6mo, 

FtanciSjJ.B, Lowell Hydraulic Experiments 4to, 1 

Franzen, H. Exercises in Gas Analysis . . .iimo, 

French, J. W. Machine Tools, 2 vols 4to, • 

Freudemacher, P. W. Electrical Mining Installations. 1 Installatioa 

Manuals Series.) , . umo. 

Frith, J. Alternating Current Design Svo, 

Fritsch, J. Manufacture of Chemical Manures. Trans, by D. Grant. 

Svo, ' 
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^rye, A. I. Civil Engineers* Pocket-book 12010, leather, *5 00 

duller, G. W. Investigations into the Purification of the Ohio River. 

4to, *io 00 

^uraell, J. Paints, Colors, Oils, and Varnishes 8vo. *i 00 







r, J. W. I. Earthwork 8vo (/n Press.) 

C^-ant, L. W. Elements of Electric Traction 8vo, *2 50 

^^arda, A. J. R. V. Spanish-English Railway Terms Svo, *4 50 

^^aiforth, W. E. Rules for Recovering Coal Mines after Explosions and 

Fires i2mo, leather, i 50 

^^arrard, C. C. Electric Switch and Controlling Gear {In Press.) 

ludard, J. Foundations. (Science Series No. 34.) i6mo, o .50 

r, H. B., and VHlliams, P. F. Electric Central Station Distribution 

Systems Svo, *3 00 

^^eerligs, H. C. P. Cane Sugar and Its Manufacture Svo, *5 00 

ie, J. Structural and Field Geology Svo, *4 00 

Mountains. Their Growth, Origin and Decay Svo, ""4 00 

The Antiquity of Man in Europe Svo, *s 00 

^^eorgi, P., and Schubert, A. Sheet Metal Working. Trans, by C. 

Salter Svo, 3 00 

^^erber, N. Analjrsisof MUk, Condensed Milk, and Infants' Milk-Food. Svo, i 25 
^^erhard, W. P. Sanitation, Watersupply and Sewage Disposal of Country 

Houses i2mo, *2 00 

Gas Lighting (Science Series No. iii.) i6mo, o 50 

Household Wastes. (Science Series No. 97.) i6mo, o 50 

House Drainage. (Science Series No. 63.) i6mo, o 50 

Oerhard, W- P* Sanitary Drainage of Buildings. (Science Series No. 93.) 

I'-ri * i6mo, o 50 

Gerhardi, C. W. H. Electricity Meters Svo, '"4 00 

Geschwind, L. Manufacture of Alum and Sulphates. Trans, by C. 

Salter Svo, *5 00 

Gibbs, W. E. Lighting by Acetylene i2mo, *i 50 

Gibson, A. H. Hydraulics and Its Application Svo, ^5 00 

' Wat^ Hammer in Hydraulic Pipe Lines i2mo, *2 00 

Gibson, A. H., and Ritchie, E. G. Circular Arc Bow Girder 4to, *3 50 

Gilbreth, F. B. Motion Study i2mo, *2 00 

Bricklaying System Svo, *3 00 

Field System ximo, leather, *3 00 

Primer of Scientific Management i2mo, *! 00 

Gillette, H. P. Handbook of Cost Data iimo, leather, ^5 00 

Rock Excavation Methods and Cost iimo, *3 00 

and Dana, R. T. Cest Keeping and Management Engineering . 8vo, *3 50 

and Hill, C. S. Concrete Construction, Methods and Cost Svo, *5 00 

Gillmore, Gen. Q. A. Limes, Hydraulic Cements acd Mortars Svo, 4 00 

Roads, Streets, and Pavements i2mo, 2 00 

Godfrey, E. Tables for Structural Engineers i6mo, leather, *2 50 

Golding, H. A. The Theta-Phi Diagram i2mo, *i 25 

Goldschmidt, R. Alternating Current Commutator Motor Svo, ^3 00 

Goodchild, W. Precious Stones. (Westminster Series.) Svo, *2 00 
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Holuit, B. M. Hesvy Electrical EnguieeriiiE .8*0, 

— Design of Static Transfonneri lamo, 

-Electricity , a»o, 

Electric Trains evo, 

Hobart, H. M. Electric Propulsion of Ships Bvo, 

Hobart, J. F. Hard Soldering, Soft Soldering and Biaiing. ...lamo. 
Hobbs, W. R. P. The Arithmetic of Electrical Hessurementa. . . . iimo, 
Hoff, J. N, Paint and Varnish Facts and Foimulaa . . . . .lamo, ' 

Hole, W The Distribution of Gas 8vo. ' 

Uolley, A. L. Railway Practice ... folio. 

Holmes, A. B. The Electric Light Populariy Explained . i:=io. paper, 

Hopkins, N. M. Experimental Electrochemistry 8vo, 

■ Model Engines and Small Boats ....iirao, 

Bopkinson, J., Shoolbred, J. N., and Day, R. E. Dynamic Electricity. 

( Science Series No. 71.) , . .i6mo, 

Bomer, J. Practical Ironfounding , 8vo, ' 

Gear Cutting, in Theory and Practice Bvo, ' 

Raughtoa, C, E, The Elements of Mechanics of Materials. iimo, 

Houllevigue, L. The Evolution of the Sciences 8vo, ' 

HoustDun, R. A. Studies in Light Production iimo, 

Bovenden, F. Piactical Mathematics for Youog Engineers iimo, ' 

Howe, G. Mathematics for the Practical Man iimo, ' 

Howorth, J. Repairing and Riveting Glass, China and Eaitbenwaie. 

8to, paper, ' 

Hubbard, E "^he Dtiliiation of Wood-waste Bvo, ' 

Hiihner, J. Bleaching and Dyeing of Vegetable and Fibrous Materials. 

I Outlines of Industrial Chemistry, ) , Bvo, ' 

Hudson. 0. F. Iron and Steel. (Outlines of Industrial Chemistry.).8vo, ' 
Humphrey, J. C. W. Metallography of Strain. (Metallurgy Series.) 

I/.. Press.) 
Humphreys, A. C. The Business Features of EngineeiingPracticcSvo, * 

Hunter, A. Bridge Work 8vo. tin Prrsj.) 

Hurst, G. H, Handbook of the Theory of Color Bvo, ' 

Dictionary of Chemicals and Raw Products 8vo, ' 

Lubricating Oils, Fats and Greases 8vo, ' 

Soaps, , *»», * 

Hurst, G. H., and Simmons, W. H. Textile Soaps and Oils Bvo, ' 

Hurst, H, E., and Lattey, R. T. Textbook of Physics. 8vo, ' 

Also published in three parts. 

Part I. Dynamics and Heat ' 

Part II. Sound and Light.. 

Part ni. Magnetism and Electricity. . 

Hutchinson, B, W,, Jr. Long Distance Electric Power Transmission. 

Iimo, * 
Hutchinson, R. W., Jr., and Thomas. W. A, Electricity in Mining iimo, 

lln frftx.) 

Hutchinson, W. B. Patents and How lo Make Money Out o( Them. 

lamo, 

Button, W. S. Steam-boiler Construction Bvo, 

— — The Works' Manager's Handbook 8vo, 
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Hyde, £. W. Skew Arches. (Science Series No. 15.) i6mo, o 50 

Hyde, F. S. Solvents, Oils, Gums, Waxes 8vo, *2 00 

Induction Coils. (Science Series No. 53.) i6mo, 59 

Ingham, A. £. Gearing. A practical treatise 8vo, *2 50 

Ingle, H. Manual of Agricultural Chemistry 870, *3 00 

Inness, C. H. Problems in Machine Design iimo, *2 00 

Air Compressors and Blowing Engines i2mo, *2 00 

Centrifugal Pumps iimo, *2 00 

The Fan i2mo, *2 00 

Isherwood, B. F. Engineering Precedents for Steam Machinery . . . 8vo, 2 50 

Ivatts, E. B. Railway Management at Stations Svo, *2 50 

Jacob, A., and Goidd, E. S. On the Designing and Construction of 

Storage Reservoirs. (Science Series No. 6) i6mo, o 50 

Jannettaz, E. Guide to the Determination of Rocks. Trans, by G. W. 

Plympton i2mo, 

Jehl, F. Manufacture of Carbons Svo, 

Jennings, A. S. Commercial Paints and Painting. (Westminster Series. ) 

Svo, 

Jennison, F. H. The Manufacture of Lake Pigments Svo, 

Jepson, G. Cams and the Principles of their Construction Svo, 

Mechanical Drawing Svo {In Preparation.) 

Jervis-Smith, F. J. Dynamometers Svo, 

Jockin, W. Arithmetic of the Gold and Silversmith i2mo, 

Johnson, J. H. Arc Lamps and Accessory Apparatus. (Installation 

Manuals Series.) i2mo, 

Johnson, T. M. Ship Wiring and Fitting. (Installation Manuals Series.) 

i2mo, 

Johnson, W. McA. The Metallurgy of Nickel (/n Preparation.) 

Johnston, J. F. W., and Cameron, C. Elements of Agricultural Chemistry 

and Geology i2mo, 

Joly, J. Radioactivity and Geology i2mo, 

Jones, H. C. Electrical Nature of Matter and Radioactivity i2mo, 

Evolution of Solutions {In Press. ) 

New Era in Chemistry ximo, 

Jones, J. H. Tinplate Industry Svo, 

Jones, M. W. Testing Raw Materials Used in Paint i2mo, 

Jordan, L. C. Practical Railway Spiral i2mo, leather, 

Joynson, F. H. Designing and Construction of Machine Gearing . . Svo, 
Jiiptner, H. F. V. Siderology : The Science of Iron Svo, 

Kansas City Bridge 4to, 

Kapp, G. Alternate Current Machinery. (Science Series No. 96.). i6mo, 

Keim, A. W. Prevention of Dampness in Buildings Svo, 

Keller, S. S. Mathematics for Engineering Students. i2mo, half leather. 

Algebra and Trigonometry, with a Chapter on Vectors *i 75 

Plane and Solid Geometry *i . 25 

and Knox, W. E. Analytical Geometry and Calculus *2 00 

Kelsey, W. R. Continuous-current Dynamos and Motors Svo, *2 50 
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Kemble. W. T., ud UaderhUI, C. R. The Periodic Law and the Hrdrogen 




Spectrum Svo 


taper. 


•0 5C 


Kemp, J. F. Handbook of RockE 


Svo, 


■1 S* 


Kendall, E. Twelve Figure Cipher Code 


. 410. 


I* 50 






(Science Series No. 54-) - 




50 


Kennedy, A. B. W., Dnwin, W. C, and Well, F. E. Conyiressed Aa. 




iScience Series Ho. io5,| 


i6mo, 


50 




15 03 


Single Volumes 


each, 
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4tO. 


IS 00 


Single Volumes 


each, 


3 S" 


Flying Machines; Practice and Design 


iimo, 




Principles of Aeroplane Cocstruction . 


Svo, 


•1 50 


KenneUy. A. E. Electro-dynamic Machinery 


Svo, 


I SO 


Kent, W. Strength of Materials. iScience Series No. 41.) 


i6mo. 


50 


Kershaw, J. B. C. Fuel, Water and Gas Analysis 


8vo, 


•1 5° 


Electromelallurgy. (Westminster Series.i 


Svo. 


•3 00 


The Electric Furnace in Iron and Steel Production 


lamo. 


*i 50 


Electro-Thermal Methods of Iron sad Slee! Production 


gvo. 


-3 00 


Kindelan, J. Trackman's Helper 




'■ 50 




Svo, 


■i so 


. Continuous Current Armatures 


870, 


*« 50 


Testing of Alternating Current Machines 


Svo, 




Kirkaldy, W. G. David Kirkaldy'a System of Mechanical Testic 


g 4tO. 


10 OQ 


Kirkbride, J. Engravioj for Illustration ... , 


Svo, 


"1 JO 


Kirkham, J. E. Structural Engineering 


8V0, 


^5 « 


Kirkwood, J. P. Filtration of River Waters . . 


4to. 


7 50 


Kirschke, A. Gas and Oil Engines 


1 2 mo, 


*' 'S 


Klein, J. F. Design of a High-speed Steam-engine 


Svo, 


'S w> 


Physical Significance of Entropy 


Svo, 


•1 50 
3 oo 


Kleinhans, F. B. Boiler Construction 


Svo. 


Knight, R.-Adm. A. M. Modem Seamanship ... 


Svo, 


'7 50 


Half morocco 






Knott, C. G.. and Mackay, J. S. Practical Mathematics 


Svo. 


1 00 


Knox, J. Physico-chemical Calculations 


I Mao, 


*i 00 


Fixation of Atmospheric Nitrogen. ( Chemical Monographs. 


-umo. 


'0 75 


Koester, F. Steam-Electric Power Plants 


4to. 


•5 00 


Hydroelectric Developments and Engineering . 


4I0, 


■5 00 


Koller, T. The Otitijation of Waste Producta 


. .8V0. 


*3 03 


■ Cosmetics 


, Svo. 


•i 50 


Kremann, B. Application ot the Phyaico Chemical Theory to 


Tech- 




nieal Processes and Manufacturing Methods. Traaa, 


by H. 




E, Potta 


. , .8V0. 


•a so 
•4 00 


Kretchmar, K. Yam and Warp Sizing 


. -Bvo, 


Lallier, E. V. Elementary Manual of the Steam Engine 


.lamo. 


•1 00 




..8to, 


'3 50 


— Bone Products and Manures 


..Bvo, 


•3 '-■i 


^^ ^^ 


^ 


J 
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Lambom, L. L. Cottonseed Products 8vo, *3 00 

Modem Soaps, Candles, and Glycerin 8vo, *7 50 

Lamprecht, R. Recovery Work After Pit Fires. Trans, by C. Salter . 8vo, *4 00 

Lancaster, M. Electric Cooking, Heating and Cleaning 8vo, "^x 50 

Lanchester, F. W. Aerial Flight. Two Volumes. Svo. 

Vol. I. Aerodynamics *6 00 

Aerial Flight. Vol. II. Aerodonetics *6 . 00 

Lange, K. R. By-Products of Coal-Gas Manufacture i2mo, 2 00 

Lamer, £. T. Principles of Alternating Currents i2mo. *i 25 

La Rue, B. F. Swing Bridges. (Science Series No. 107.) i6mo, o 50 

Lassar>Cohn. Dr. Modem Scientific Chemistry. Trans, by M. M. 

Pattison Muir i2mo, *2 00 

Latimer, L. H., Field, C. J., and Howell, J. W. Incandescent Electric 

Lighting. (Science Series No. 57.) i6mo, . o 50 

Latta, M. N. Handbook of American Gas-Engineering Practice . . .8vo, *4 50 

American Producer Gas Practice 4to, *6 00 

Laws, 6. C. Stability and Equilibrium of Floating Bodies Svo, *3 50 

Lawson, W. R. British Railways. A Financial and Commercial 

Survey Svo, 200 

Leask, A. R. Breakdowns at Sea i2mo, 2 00 

Refrigerating Machinery i2mo, 2 00 

Lecky, S. T. S. " Wrinkles " in Practical Navigation 8vo, ^8 00 

Le Douz, M. Ice-Making Machines. (Science Series No. 46.) . . i6mo, o 50 
Leeds, C. C. Mechanical Drawing for Trade Schools. (Machinery 

Trades Edition.) oblong 4to *2 00 

Mechanical Drawing for High and Vocational Schools 4to, *x 50 

Lef^vre, L. Architectural Pottery. Trans, by H. K. Bird and W. M. 

Bixms 4to, *7 50 

Lehner, S. Ink Manufacture. Trans, by A. Morris and H. Robson . 8vo, *2 50 

Lemstrom, S. Electricity in Agriculture and Horticulture Svo, *i 50 

Letts, E. A. Fundamental Problems in Chemistry Svo, *2 00 

Le Van, W. B. Steam-Engine Indicator. (Science Series No. 78.)i6mo, o 50 

Lewes, V. B. Liquid and Gaseous Fuels. (Westminster Series.). .Svo, *2 00 

Carbonization of Coal 8vo, *3 00 

Lewis, L. P. Railway Signal Engineering 8vo, *3 50 

Lieber, B. F. Lieber's Standard Telegraphic Code 8vo, *io 00 

Code. German Edition 8vo, *io 00 

Spanish Edition 8vo, *io 00 

French Edition Svo, *io 00 

Terminal Index Svo, *2 50 

Lieber's Appendix folio, *i5 00 

Handy Tables 4to, *2 50 

' Bankers and Stockbrokers' Code and Merchants and Shippers* 

Blank Tables Svo, *i5 00 

100,000,000 Combination Code Svo, *io 00 

Engineering Code Svo, *i2 50 

Livermore, V. P., and Williams, J. How to Become a Competent Motor- 
man i2mo, *i 00 

Livingstone, R. Design and Construction of Commutators Svo, *2 25 

Mechanical Design and Construction of Generators Svo, *3 50 

Lobben, P. Machinists' and Draftsmen's Handbook Svo, 2 50 
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Xockwood, T. D. Electricity, Magnetism, and Electro-teleEraph Svo, 
Lockwood, T. D. Electrical Measurement and the Galvanometer 

Lodge, O. J. Elementary Mechanics . . . iimo, 

— Signalling Across Space without Wires 8vo, 

Loewenstein, L. C, and Crissey, C. P. Ceotrifugsl Pumps 

Loraax. J. W. Cotton Spiniiing wnm, 

Lord, R. T. Decorative and Fancy Fabrics Svo, 

Loring, A. E. A Handbook of the Electromagnetic Telegraph i6mo 

Handbook. (Science Series No. 39.1 16m, 1 

Lovell. D. H. Practical Switchwotk , umo, 

Low, D. A. Applied Mechanics (Elementary) _ i6mo, 

Lubscbez, B. J. Perspective , . izmo, 

Lucke, C. E. Gas Engine Design . Svo. 

Power Plants: Design, Efficiency, and Power Costs. 3 vols. 

Luckiesh, H. Color and Its Application. 8vd, 

Lunge, G. Coal-tar and Ammonia. Three Volumes ' 

Technical Gas Analysis Svo, 

Manufacture of Sulphuric Acid and Alkali. Four Volumes . . Svo, 

Vol. I. Sulphuric Acid. In three parts * 

Vol. U. Salt Cake, Hydrochloric Acid and Leblanc Soda. In two 

Vol. in. Ammonia Soda 

Vol. IV. Electrolytic Methods {h. I'ne^.) 

Technical Chemists' Handbook iimo, leather, 

Technical Methods of Chemical Analysis. Trans, by C. A. Eeane 

in collaboration with the corps of specialists. 

Vol. I. In two parts Svo, ' 

Vol. n. In two parts . , Svo, ' 

Vol. in. In two parts. Svo, 

The set (3 vols.) complete 

Luquer, L. M, Minerals in Rock Sections .8vo, 

lAacaulay, J., and Hall, C. Modern Railway Working, S vols 4(0, 

Each volume separately . 

Macewen, H. A. Food Inspection ... . Svo, 

Mackenzie, N. F. Notes 00 Irrigation Works .8vo, 

Mackie, J. How to Make a Woolen Mill Pay Svo, 

Mackiow. C. Naval Architect's end Shipbuilder's Pocket-book. 

i6mo, leather, 
Maguire, Wm. R. Domestic Sanitary Drainage and Plumbing . .Svo, 

Malcolm, C. W. Textbook on Graphic Statics .8vo, 

Malcolm, H. W. Submarine Telegraph Cable (/n Press^) 

Mallet, A. Compound Engines. Trans, by R. R. Buel. (Science Serlra 

No. 10.) ...,., i^mo, 

HansGeld, A. N. Electro-magnets. 1 Science Series No. 64.) . . i6ino. 
Harks, E. C. R. Construction of Cranes and Lifting Machinery 
Construction and Working of Pumps , 
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Manufacture of Iron and Steel Tubes z2mo, 

Mechanical Engineering Materials i2mo, 

Marks, G. C. Hydraulic Power Engineering 8vo, 

Inventions, Patents and Designs i2mo, 

Marlow, T. G. Drying Machinery and Practice 8vo, 

Marshf C. F. Concise Treatise on Reinforced Concrete 8vo, 

Reinforced Concrete Compression Member Diagram. Mounted on 

Cloth Boards *i .50 

Marsh, C. F., and Dunn, W. Manual of Reinforced Concrete and Con- 
crete Block Construction i6mo, morocco, 

Marshall, W. J., and Sankey, H. R. Gas Engines. (Westminster Series.) 

Svo, 

Martin, G. Triumphs and Wonders of Modem Chemistry Svo, 

Modern Chemistry and Its Wonders Svo, 

Martin, N. Properties and Design of Reinforced Concrete z2mo, 

Martin, W. D. Hints to Engineers i2mo, 

Massie, W. W., and Underbill, C. R. Wireless Telegraphy and Telephony. 

z2mo, 
Matheson,D. Australian Saw-Miller's Log and Timber Ready Reckoner. 

i2mo, leather, 

Mathot, R. E. Internal Combustion Engines Svo, 

Maurice, W. Electric Blasting Apparatus and Explosives Svo, 

Shot Firer's Guide Svo, 

Maxwell, J. C. Matter and Motion. (Science Series No. 36.). 

i6mo, o 50 
Maxwell, W. H., and Brown, J. T. Encyclopedia of Municipal and Sani- 
tary Engineering 4to, *io 00 

Mayer, A. M. Lecture Notes on Physics Svo, 2 00 

Mayer, C, and Slippy, J. C. Telephone Line Construction Svo, ^3 00 

McCullough, E. Practical Surveying iimo, *2 00 

Engineering Work in Cities and Towns Svo, *3 00 

Reinforced Concrete i2mo, *x 50 

McCullough, R. S. Mechanical Theory of Heat Svo, 3 50 

McGibbon, W. C. Indicator Diagrams for Marine Engineers Svo, ^^3 00 

Marine Engineers* Drawing Book oblong 4to, *2 00 

Mcintosh, J. G. Technology of Stigar Svo, *5 00 

Industrial Alcohol Svo, *3 00 

■ Manufacture of Varnishes and Kindred Industries. Three Volumes. 

Svo. 

Vol. I. Oil Crushing, Refining and Boiling *3 50 

Vol. II. Varnish Materials and Oil Varnish Making *4 00 

Vol. III. Spirit Varnishes and Materials *4 50 

McKnight, J. D., and Brown, A. W. Marine Multitubular Boilers *i 50 

McMaster, J. B. Bridge and Tunnel Centres. (Science Series No. 20.) 

z6mo, o 50 

McMechen, F. L. Tests for Ores, Minerals and Metals z2mo, *i 00 

McPherson, J. A. Water-works Distribution Svo, 2 50 

Meade, R. K. Design and Equipment of Small Chemical Laboratories, 

Svo, 
Mellck, C. W. Dairy Laboratory Guide i2mo, *i 25 
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Menscb, L. J. Reiofocced Concrete Pocket Book t6mo, leather, 

Merck, E. Chemical Reagettti: Theii Putity and Teats, Trana. b^ 

H, E. Schenck. . . 

Hecivale, J. H. Notes and Formulae fat H[niDK Students 

Henitt, Win. H. Field Testing for Gold and Silver. . t6mo, leather, 

He;er, J. G. A., and Pecker, C. G. Mechanical Drawing and Machine 

Design 4 

Mierzinski, S. WutTpioo&ng ol Fabrio. Tnns. bf A. Horria and 

RobEOn . . . . 8 

Mieasner, B. F. Radio Dynamics (/n I'm 

Miller, G. A. Determinants. (Science Series No 105.) .... . . i6ino, 

Mitroy, M. E. W. Home Lace-making lamo, 

Uitchell, C. A. Mineral and Aerated Waters. 8to, 

Mitchell, C. A., and Prideaiu, K. M. Fibres Used in Textile and Allied 

Industries , 

Mitchell, C. F., and G. A. Building Construction and Drawing. 1 

Elementary Course 

Advanced Course 

Monckton, C, C. F. Radio telegraphy. (Westminster Series.J . Svo, 
Monteverde, R. D. Vest Pocket Glossary of EngltEh-Spamsh, Spanish- 
English Technical Terms 64ino, leather, 

Montgomery, J. H, Electric Wiring Specifications .lemo, 

Moore, E. C. S. New Tables for the Complete Solution of GanguiUet and 

Sutter's Formula 8»o, 

Morecroft, J. H., and Hehre, F. W. Short Course in Electrical Testing. 

Svo, 
Morgan, A. P. Wireless Telegraph Apparatus for Amateurs umo, 

Moses, A. J. The Characters of Crystals ... Svo, 

and Parsons, C. L, Elements of Mineralogy . .8vo, 

Moss, S.k. Elements of Gas Engine Design.fScience Series No. 111. it 6mo, 
— — The Lay-out of Corliss Valve Gears. 'Science Series No. 119. ti6ino, 

Mulford, A. C. Boundaries and Landmarks iimo, 

Mullin, J. P. Modem Moulding and Pattern -making . ... lamo, 
Munby, A. E. Chemistry and Physics of Building Materials. (West- 
minster Series,) . Svo, 

Murphy, J. G. Practical Mining ... . i6mo. 

Murphy, W. S. Teilile Industries. Eight Volumes ■ 

Sold separately, each, 
Murray, J. A. Soils and Manures. (Westminster Series.) Svo, 

Naquet, A, Legal Chemistry. ....lama, 

Nasmith, J. The Student's Cotton Spinniog Svo, 

Recent Cotton Mill Construction lamo, 

Neave, G. B., Etnd Beilbron, I. M, Identiilcation of Orginic Compounds, 

Neilson, R. M. Aeroplane Patents , , , Svo, 

Hen, F. Searchlights. Trans, by C. Rodgers Svo, 

Neuberger, H., and Noalhat, H. Technology of Petroleum. Trans, by 

J.G.Mcintosh Bre, • 

llewall, J. W. Drawing, Sizing and Cutting Bevel-gears . Sro, 
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Newbeging, T. Handbook for Oas Engineers and Managers 8to, ^6 50 

Newton, O. J. Underground Distribution Systems (In Press.) 

Kicol, G. Ship Construction and Calculations 8vo, *4 50 

Ktpher, F. £• Theory of Magnetic Measurements i2mo, i 00 

Nisbet, H. Grammar of Textile Design 8vo, *3 00 

Nolan, H. The Telescope. (Science Series No. 51.) i6mo, o 50 

Noll, A. How to Wire Buildings i2mo, z 50 

North, H. B. Laboratory Experiments in General Chemistry lamo, "^i 00 

Nugent, £. Treatise on Optics lamo, z 50 

O'Connor, H. The Gas Engineer's Pocketbook i2mo, leather, 3 50 

Petrol Air Gas i2mo, *o 75 

Ohm, G. S., and Lockwood, T. D. Galvanic Circuit. Translated by 

William Francis. (Science Series No. 102.) i6mo, o 50 

Olsen, J. C. Text-book of Quantitative Chemical Analysis 8vo, *4 00 

Olsson, A. Motor Control, in Turret Turning and Gun Elevating. (U. S. 

Navy Electrical Series, No. z.) z2mo, paper, ^o 50 

Ormsby, M. T. M. Surveying lamo, i 50 

Oudin, M. A. Standard Polyphase Apparatus and Systems. 8vo, ^3 00 

Owen, D. Recent Physical Research 8vo, *x 50 

Pakes, W. C. C, and Nankivell, A. T. The Science of Hygiene . .Svo, ^z 75 

Palaz, A. Industrial Photometry. Trans, by G. W. Patterson, Jr . . Svo, % 00 

Pamely, C. Colliery Manager's Handbook Svo, ^10 00 

Parker, P. A. M. The Control of Water Svo, *5 00 

Parr, G. D. A. Electrical Engineering Measuring Instruments Svo, *s 50 

Parry, E. J. Chemistry of Essential Oils and Artificial Perfumes. . . Svo, ^5 00 

Foods and Drugs. Two Volumes Svo, 

Vol. I. Chemical and Microscopical Analysis of Foods and Drugs. '*'7 5o 

Vol. n. Sale of Food and Drugs Act ♦3 00 

and Coste, J. H. Chemistry of Pigments Svo, *4 50 

Parry, L. Notes on Alloys Svo, *3 00 

Metalliferous Wastes Svo, *2 00 

Analysis of Ashes and Alloys Svo, *2 00 

Parry, L. A. Risk and Dangers of Various Occupations Svo, *3 00 

Parshall, H. F., and Hobart, H. M. Armature Windings 4to, ^7 50 

Electric Railway Engineering 4to, ♦lo 00 

Parsons, J. L. Land Drainage Svo, *x 50 

Parsons, S. J. Malleable Cast Iron Svo, *2 50 

Partington, J. R. Higher Mathematics for Chemical Students. .z2mo, *2 00 
Textbook of Thermodynamics Svo, *4 00 

Passmore, A. C. Technical Terms Used in Architecture Svo, *3 50 

Patchell, W. H. Electric Power in Mines Svo, % 00 

Paterson, G. W. L. Wiring Calculations i2mo, ^2 00 

Electric Mine Signalling Installations i2mo, *i 50 

Patterson, D. The Color Printing of Carpet Yams Svo, *3 50 

Color Matching on Textiles Svo, '^ 3 00 

Textile Color Mixing Svo, ^3 00 

Paulding, C. P. Condensation of Steam in Covered and Bare Pipes .Svo, *2 00 
Transmission of Heat through Cold-storage Insulation i2mo, ♦i 00 
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Payne, D. W. Iron Founders' Handbook.. 
PcGkbam, S. F. Solid Bitumens 



I 

I 



..(In Pnu.) 
8vo, 



Peddie, R. A. Engineering and HeUllurgica] Books. lamo, 

Peirce, B. System of Aualytic MechanicG. . .410. 

Pendrei), V. The Railway Locomotive. (Westminstef Series. ) 8<ro, 

Perkin, F. M. Practical Methods of Inorganic Chemistry iimo, 

and Jaggets, E. M. Elementary Chemistry . ...... . . iimo, 

Peirigo, 0. E. Change Gear Devices. 8vo, 

Pefrioe, F. A. C. Conductors (or Electrical Distribution. .... . 8vo, 

Petit, G. While Lead and Zinc White Paints Sto, ' 

Petit, R. How to Build an Aeroplane. Trans, by T. O'B. Hubbard, and 

J. H. Ledeboer 8to, ' 

Pettit, Lieut. J. S. Graphic Procesaea. (Science Seriea Ro. 76.} . . . i6mo, 
Philbrick, P. H. Beams and Girders. (Science Series No. 88.) . . . i6mt>. 

Phillips, J, Gold Assaying 8»o, 

Dangerous Goods 8vo, 

Phin, J. Seven Follies of Science iimo, 

I^ckworth, C. N. The Indicator Handbook. Two Volumes. . iimo, each, 

Logarithms for Beginners umo. boards, 

The Slide Rule iimo. 

Planner's Manual of Blow-pipe Analysis. Eighth Edition, revised. Trans. 

by H. B. Cornwall. 8vo, 

Plympton, G. W. The Aneroid Barometer. (Science Series No. 35.) i6mo, 

How to become an Engineer. (Science Series Ho, 100.) i6nto, 

Van MostTind's Table Book. (Science Series Ho. 104.) i6mo, 

Pochet, H. L. Steam Injectors. Translated from the French. (Science 

Series Ho. ag.) i6mo. 

Pocket Logarithms to Four Places. (Science Series Wo. 65.) i6mo, 

leather, 

Polleyn, F. Dressings and Finishings for Textile Fabrics .... Svo, 

Pope, F. G. Organic Chemistry iimo. 

Pope, F. L. Modern Practice of the Electric Telegraph Svo. 

Popplewell, W, C. Prevention of Smoke ... .8vo, 

Strength of Materials Svo. 

~ ■ ~ ~ The Chemistry of Rubber. 1 Chemical Monographs, 



No. 



Porter, J. R. Helicopter Flying Machine iimo. 

Potts, H. E. Chemistry of the Rubber Industry. (Oudises of Indus- 
trial Chemistry) .Svo, 

Practical Compounding of Oils, Tallow and Grease , . Svo, 

Pratt, K. Boiler Draught .iimo, 

~-^~ High Speed Steam Engines 8vo, 

IVay, T., Jr. Twenty Years with the Indicator Svo, 

— — Steam Tables and Engine Constant Svo, 

Prelini, C. Earth and Rock Excavation .Svo, 

Graphical Determination of Earth Slopes Svo. 

■ Tunneling. New Edition Svo, 

Dredging. A Practical Treatise Svo, 

Piescotl, A. B. Organic Analysis Svo, 

Preecott, A. B., and Johnson, O.C. Qualitative Chemical Analysis. 8vo, 
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Prescott, A. B., and Sullivan, £. C. First Book in Qualitative Chemistry. 

z2mo, *i 50 

Prideaux, E. B. R. Problems in Physical Chemistry 8vo, ^2 00 

Primrose, G. S. C. Zinc. (Metallurgy Series.) (In Press.) 

Pullen, W. W. F. Application of Graphic Methods to the Design of 

Structures i2mo, *2 50 

Injectors: Theory, Construction and Working i2mo, *i 50 

Indicator Diagrams 8vo, *2 50 

Engine Testing 8vo, *4 50 

pulsifer, W. H. Notes for a History of Lead 8vo, 4 00 

Putsch, A. Gas and Coal-dust Firing 8vo, *3 00 

Pynchon, T. R. Introduction to Chemical Physics Svo, 3 00 

Rafter G. W. Mechanics of Ventilation. (Science Series No. 33.) . i6mo, o 50 

Potable Water. (Science Series No. 103.) i6mo, o 50 

• Treatment of Septic Sewage. (Science Series No. 118.). ..i6mo, o 50 

Rafter, G. W., and Baker, M. N. Sewage Disposal in the United States. 

4to, ^6 00 

Raikes, H. P. Sewage Disposal Works Svo, ^^4 oa 

Randall, P. M. Quartz Operator's Handbook. i2mo, 2 00 

Randau, P. Enamels and Enamelling Svo, ^^4 00 

Rankine, W. J. M. Applied Mechanics Svo, 5 00 

■ Civil Engineering Svo, 6 50 

Machinery and Millwork Svo, 5 00 

^'^ The Steam-engine and Other Prime Movers. Svo, 5 00 

Rtnkine, W. J. M., and Bamber, £. F. A Mechanical Text-book. . . .Svo, 3 50 
Raphael, F. C. Localization of Faults in Electric Light and Power Mains. 

Svo, ^3 00 

Rasch, E. Electric Arc Phenomena. Trans, by K. Tornberg Svo, *2 00 

Rathbone, R. L. B. Simple Jewellery Svo, *2 00 

Rateau, A. Flow of Steam through Nozzles and Orifices. Trans, by H. 

B. Brydon Svo *i 50 

Rausenberger, F. The Theory of the Recoil of Guns Svo, ^4 50 

Rautenstrauch, W. Notes on the Elements of Machine Design. Svo, boards, *z 50 

Rautenstrauch, W., and Williams, J. T. Machine Drafting and Empirical 

Design. 

Part I. Machine Drafting Svo, *i 25 

Part II. Empirical Design (In Preparation.) 

Raymond, E. B. Alternating Current Engineering i2mo, *2 50 

Rayner, H. Silk Throwing and Waste Silk Spinning Svo, *2 50 

Recipes for the Color, Paint, Varnish, Oil, Soap and Drysaltery Trades . Svo, '*'3 50 

Recipes for Flint Glass Making iimo, ^4 50 

ttedfem, J. B., and Savin, J. Bells, Telephones (Installation Manuals 

Series.) i6mo, *o 50 

Redgrove, H. S. Experimental Mensuration lamo, '^i 25 

Redwood, B. Petroleum. (Science Series No. 92.) z6mo, o 50 

Reed, S. Turbines Applied to Marine Propulsion ^5 00 

Reed's Engineers' Handbook Svo, *5 00 

Key to the Nineteenth Edition of Reed's Engineers' Handbook . . Svo, *3 00 

Useful Hints to Sea-going Engineers i2mo, i 50 

* — Guide to the Use of the Slide Valve i2mo, *x 60 
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Reid, E. E. Introduction to Research in Orgaoit Chemiatry. ( h, I'rrsi.) 
Beid, H. A. Concrete and Reinforced Concrete Construction. .... .8vo, 

Seinbardt, C. W. Lettering (or Draftsmen, Engineers, and Students. 

oblong 4I0, boards, 

The TechnicotHechanical Drafting oblong 4I0, boards. 

Reiser, F. Hardening and Tempering of Steel. Traos. by A. Morris and 

H. Robson . iimo, 

Reiser, N. Faults in the Manufacture of Woolen Goods. Trana. by A. 

Morris and H. Robson . . .8vo, 

-~— Spinning and Weaving Calculations . . 8vo, 

Renwick, W, G, Marble and Marble Working 8vo, 

Reuleaux, F. The Constructor. Trans, by H. H. Suplee ««, 

Reuterdahl, A. Theory and Design of Reinforced Concrete Arches. 8vo, 
Reynolds, 0., and Idell, P. E. Triple Expansion Engines. (Science 

Series Bo. 59.) t6mo, 

Rhead, G. F. Simple Structural Woodwork umo, 

Rhodes, H. J. Art of Lithography Svo, 

Rice, J. H., and Johnson, W. W. A Kew Method of Obtaining Uu DiSer- 

enlial of Functions . . iimo, 

Richards, W. A. Forging of Iron and Steel lamo, 

Richards, W. A., and Horth, H. B. Manual of Cement Testing. . tamo, 

Richardson, J. The Modern Steam Engine Svo, 

Richardson, S. S. Magnetism and Electricity . limo, 

Rideal, S. Glue and Glue Testing. Svo, 

Rimmer, E. J. Boiler Explosions, Collapses and Mishaps Svo, 

Rings, F. Concrete in Theory and Practice . . . _ , , iimo, 

■ Reinforced Concrete Bridges . 4to, 

Ripper, W. Course of Instruction in Machine Drawing . folio, 

Roberts, F. C. Figure of the Earth. (Science Series Ho. 79.) i6mo, 

Roberts, J., Jr. Laboratory Work in Electrical Engineering . . Svo, 

Robertson, L. S. Water-tube Boilers Svo, 

Robinson, J. B. Architectural Composition. , 8vo, 

Robinson, S. W. Practical Treatise on the Teeth of Wheels. (Science 

Series No. 14.) i6mo, 

Railroad Economics, (Science Series Ho. 59.) ...... i6mo, 

Wrought Iron Bridge Members. (Science Series Ho. 60.) 161110, 

Robson. J. H. Machine Drawing and Sketching Svo, 

Roebling, J, A. Long and Short Span Railway Bridges.,. (olio, 

Rogers, A. A Laboratory Guide of Industrial Chemistry . . i jmo, 

Rogers, A. Industrial Chemistry .8vo, 

Rogers, F. Magnetism of Iron Vessels. (Science Series No. 30,) t6mo, 
Rohland, P. Colloidal and Crystailaidal State of Matter. Trans, by 

W. J. Britland and H. E. Potts umo, 

Rollins, W. Botes on X-Light Svo, 

RoUinson, C. Alphabets Oblong, iimo, 

Rose, J. The Pattern-makers' Assistant . Svo, 

■ Key to Engines and Engine-running tJinOi 

Rose, T. K. The Precious Metals. (Westminster Series.) . . . .8vo. 
Rosenhain, W. Glass Manufacture, (Westminster Series.) .8vo, 

Physical Metallurgy, An Introduction to. (Metallurgy Series. 1 

8vo, tfll /V,-H.l 
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Ross, W. A. Blowpipe in Chemistry and Metallurgy i2mo, *2 00 

Roth. Physical Chemistry 8vo, *2 00 

Rothery, G. C, and Edmonds, H. 0. The Modem Laundry, 2 vols., 

4to, half leather, *x2 00 

Rouillion, L. The Economics of Manual Training 8vo, 2 oa 

Rowan, F. J. Practical Physics of the Modem Steam-boiler 8vo, ^3 00 

and Idell, F. E. Boiler Incrastation and Corrosion. (Science 

Series No. 27. ) i6mo, o 50 

Roxburgh, W. General Foundry Practice. (Westminster Series. ). 8vo, "^2 00 

Ruhmer, E. Wireless Telephony. Trans, by J. Erskine-Murray . .8vo, *3 50 

Russell, A. Theory of Electric Cables and Networks 8vo, *3 00 

Sabine, R. History and Progress of the Electric Telegraph i2mo, i 25 

Sanford, P. G. Nitro-explosives 8vo, *4 00 

Saunders, C. H. Handbook of Practical Mechanics i6mo, z oa 

leather, i 25 

Sayers, H. M. Brakes for Tram Cars 8vo, ^i 25 

Scheele, C. W. Chemical Essays 8vo, *2 oa 

Scheithauer, W. Shale Oils and Tars 8vo, *3 50 

Schellen, H. Magneto-electric and Dynamo-electric Machines 8vo, 5 00 

Scherer, R. Casein. Trans, by C. Salter 8vOy ^3 00 

Schidrowitz, P. Rubber, Its Production and Industrial Uses 8vo, ^5 00 

Schindler, K. Iron and Steel Constmction Works i2mo, *i 25 

Schmall, C. N. First Course in Analytic Geometry, Plane and Solid. 

i2mo, half leather, *z 75 

Schmall, C. N., and Shack, S. M. Elements of Plane Geometry. . . z2mo, *i 25 

Schmeer, L. Flow of Water 8vo, *3 or 

Schumann, F. A Manual of Heating and Ventilation. .. .lamo, leather, i 5a 

Schwarz, E. H. L. Causal Geology 8vo, *2 50 

Schweizer, V. Distillation of Resins 8vo, *3 50 

Scott, W. W. Qualitative Analysis. A Laboratory Manual 8\'0, *i 50 

Scribner, J. M. Engineers' and Mechanics' Companion. .x6mo, leather, i 50 
Scudder, H. Electrical Conductivity and Ionization Constants of 

Organic Compounds Svo, *3 00 

Searle, A. 3. Modern Brickmaking Svo, *5 00 

Cement, Concrete and Bricks Svo, *3 00 

Searle, G. M. "Sumners' Method." Condensed and Improved. 

(Science Series No. 124.) i6mo, o 50 

Seaton, A. E. Manual of Marine Engineering Svo 8 00 

Sealon, A. E., and Rounthwaite, H. M. Pocket-book of Marine Engi- 
neering i6mo, leather, 3 50 

Seeligmann, T., Torrilhon, G. L., and Falconnet, H. India Rubber and 

Gutta Percha. Trans, by J. G. Mcintosh Svo, ^5 00 

Seidell, A. Solubilities of Inorganic and Organic Substances Svo, *3 00 

Seligman, R. Aluminum. (Metallurgy Series.) (/» J^rcss.) 

Sellew, W. H. Steel Rails 4to, *i2 50 

' Railway Maintenance i2mo, *2 50 

Senter, G. Outlines of Physical Chemistry i2mo, *i 75 

Text-book of Inorganic Chemistry i2mo, '♦^i 75 
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boards. 




Sever, G. F., and Townseiid, F. Laboratory and Factory TesU 


in Elec- 




trical EngiDeering 


. 8ve, 


•.ja 




8vo, 


•i» 


LesEona in Telegraphy 


. iimo, 


'I 00 


Sewell, T. The Conatruction of Dynamos 


,8vs, 


*J<* 


Sentoc, A. H. Fuel and Refractary Materials . .. 


limn, 


•JS" 


Chemistry of the Hateriala of Engineering. , . ...... 




■j 50 


— - Alloys ( Kon-Fetrous ) 


,,.8»e, 


■3M 


The Metallurgy of Itoa and Steei 


, 8vo. 


■6 S» 


Seymour, A. Modern Printing Inks 


, . .avo, 


•IM 


Shaw, Henry S. H. Mechanical Integrators. ( Science Scries 


No. 83.) 






i6mo, 


050 


Shaw, S. History of the StaSordshire Potteries 


, ,8vo. 


too 




, , 8vo. 


•500 


Shaw, W. H. Forecasting Weather 


. . . .8VD, 


•3 5» 


Sheldon, S.. and Hausmann, E. Dirett Current Machines. . ,. 


iimo, 


■ISO 


— — - Alternating Current Machines 




■I 50 


Stieldon, S., and Hausmann, E. Electric Traction and TransmisBion 




Engineering 


iimo. 


■15a 


Shields, J. E. Notes on Engineering Constmction 


. , 1 amo. 


■ )° 


Shreve, S. H. Strength of Bridges and Roofs 


. .8V0, 


^v> 


Shunk, W. F, The Field Engineer tirao. 


morocco, 


1)9 


Simmnns, W. H., and Appleton, H. A. Handbook ot Soap Manufacture, 






8vO, 


■300 


Simmon^ W. H., and Mitchell, C. A. Edible Fats and Oils 


.. Svo, 


■300 


Simpson, G. The Naval Constructor . . . lamo, 


morocco, 


•500 


Simpson, W. Foundations flvo. i,Ii, 


/•r.-.i.t.l 




Sinclair, A. Development of the Locomotive Engine. , 8vo, half leather. 


500 


Sindatl, B. W.. and Bacon. W. H, The Testing of Wood Pulp 


Svo. 


•i 50 


Sindall, fi. W. Manufacture of Paper, i Westminster Series.) 


. Bvo. 




Sloane, T. O'C. Elementary Electrical Calculations . 


iimo. 


*z 00 


Smatlwood, J. C. Mechanical Laboratory Methods. (Van Moatrand's 




Textbooks.) . , ,. i2mo, 


leather, 


'1 so 


Smith, C. A. M. Handbook of Testing, MATERIALS .... 


. Svo. 


'i 30 


Smith, C. A. M., and Warren, A. G. New Steam Tables 


. Svo, 


*i 'S 


Smith, C.F. Practical Alternating Cuirents and Testing. . . 


Svo. 


'I SO 


-^ Practical Testing of Dynamos and Motors 


. Bvo. 




Smith. F, A. Railway Curves 






Standard Turnounts on American Railroads 


11 mo. 


•1 00 


Maintenance of Way Standards 


. umo. 


•i 50 


Smith, F. E. Handbook of General Instruction for Mechanics, 


iimo. 


> 50 


Smith, H. G. Minerals and the Microscope 


..lamo. 


•1 IS 


Smith, J. C. Manufacture of Paint 


.. -8vo, 


'3 50 
*3 oe 
*i 00 
•3 (W 


Smith, R. H. Principles of Machine Work 


.Iimo, 
.Iimo. 
.ijmo, 


Elements of Machine Work 


Smith, W. Chemistry of Hat Manufacturing 


Snell, A, T. Electric Motive Power . , 


Sto, 


•4 00 


Snow.W.G. Pocketbook of Steam Healing and Ventilation. (In 


Prewi.t 


^ ^B|_ 


^ 


1 
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dostrial CbcsKtiy.) ••«, *^ •• 

Sozhlet, D. H. D7eii« nd Scnnv MarUe. Tnm^ hf iL Mmcn amd 

H. SoMM •*», •» 5» 

Sptti&H.W. A PractJqJ Treatae om l ig Miwwg Pir i i teUiM i tsBa^ im 

Spttiseabarc L. Fatipw sff Melais. Tnulatod ^ S. H. Skrcve. 

'Scieace Series Xo. 23.; x^iB», c 9» 

Speclit,G.J^Hardy.A.S^lfclCMtcr,J.B^ndWifiBB. TspecnplKal 

S ui t efia g. ^Scieace Series Xo. 72. ) x^n», • 5» 

Spencer, A. S. Dtmfft cf Steel-FraaMd Slwds tv*. *4 o» 

Spe7ers,C. L. Text-book of Pkjrical Ckeflnstiy tva, *2 25 

Sinegel, L. Chemical Cmmatitntwm aai PkysMoeical Actioa. < Ttmas. 

by C. Lf^fkiag aai A. C. Boylston.) t «s 

SpraKue, E. H. Hydnvlks xsbo» x •$ 

Stalil,A.W. Transnunion ol IHnrer. (Sdeace Series Xo. aS.) . x«iM, 

Stahl, A. W^ and Woods, A. T. K l rmrntar y Mechanism isBa^ *2 •• 

Stalej, C, and Piersoo, G. S. The Sep arate System of Sewer ag e. . tvoi, *3 •• 

Standage, H. C. Leatherworicers' Manual 8ns *3 S^ 

Sealing Waxes, Wafers, and Other Adhesires 8ns *' •• 

Aggttitinafits of all Kinds for all Porposes lamo, *3 $• 

Stanley, H. Practical Applied Physics t In Pr^ss. » 

Stansbie, J. H. Iron and SteeL • Westminster Series. 1 8ns *' ^^ 

Steadman, F. M. Unit Photography lamo, ^z 00 

Stecher, G. E. Cork. Its Origin and Industrial Uses iimo, i 00 

Steinman^ D. B. Suspension Bridges and Cantilevers. Science Series 

Ho. 127. • o 50 

MelaB*s Steel Arches and Suspension Bridges Sro, ^3 00 

Stevens, H- P. Paper Mill Chemist i6ino, *2 50 

Stevens, J. S. Theory of Measurements ixmo, *! 25 

Stevenson, J. L. Blast-Furnace Calculations i2nio, leather, *2 00 

Stewart, G Modem Steam Traps i2nio, *i 25 

Stiles, A. Tables for Reld Engineers i2mo, i 00 

Stodola, A Steam Turbines. Trans, by L. C. Loewenstein 8vo, *5 00 

Stone, H. The Timbers of Commerce Svo, 3 50 

Stopes, M. Ancient Plants 8vo, 

The Study of Plant Life 8vo, 

Stnmpf, Prof. Una-Flow of Steam Engine 4to, 

Sudborough, J. J., and James, T. C. Practical Organic Chemistry. . i2nio, 

SuflUng, E. R. Treatise on the Art of Glass Painting 8vo, 

Sur, F. J. S. Oil Prospecting and Extracting 8vo, 



•2 00 




*2 00 




•3 $• 




•2 00 




•3 5« 
•i 00 






1 
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Wadmore, T. M. Elementary Chemical Theory i 

Wadsworth, C. Primary Battery Ignition i 

Wagner, E. Preserving Fruits, Vegetables, and Heal 1 

Waldram, P. J- Principles of Structural Mechanics i 

Walker, F. Aeria! Navigation. 

— ~- Dynamo Building. (Science Series No. 98.) . . ... 1 

'Valker, F. Electric Lighting for Marine Engineers 

Walker, J. Organic Chemiatry for Students of Medicine 
Watkei, S, F. Steam Boilers, Enginea and Turbines... . . 

Refrigeration. Heating and Ventilation on Shipboard...... 

^ Electricity in Mining,. 8vo, 

Wallis-Tayler, A. J. Bearings and Lubrication Svo, 

Aerial or Wire Ropeways Bvo, 

Motor Vehicles tor BuMness Purposes 

Refrigeration, Cold Storage and Ice-Making ,. Bvo, 

Sugar Machinery , umo 

Walsh, J. J. Chemistry and Physics of Mining and Mine Ventilation, 

Wanklyn, J. A. Water Analyaia. , iimo, 

Wanabrough, W. D. The A B C of the Differential Calculus 

Slide Valves lamo. 

Waring, Jr., G. E. Sanitary Conditions. { Science Series No. 31. 1 tfimo, 

Sewerage and Land Drainage , 

Waring, Jr., G. E. Modern Methods of Sewage Disposal iimo, 

How to Drain a House 

Wames, A, R. Coal Tar Distillation 

Warren, F. D. Handbook on Reinforced Conetett ~ .t2ino, 

Watkins, A. Photography. (Westminster Series.) , 

Watson, E. P. Small Engines and Bailers .ijino. 

Watt. A. Electro-plating and Electro -re 6 nine of Hetali Svo, 

. Electro-metallurgy. ... , 

The Art of Soap Making .Svo, 

Leather Manufacture Svo, 

Paper-Making , Svo, 

Weather and Weather Instruments. 

paper, 
Webb, H. L. Guide to the Testing of Insulated Wires and Cables. 

Webber, W. H. Y. Town Gas. (Westminster Series.) 8vo, 

Weisbacb, J. A Manual of Theoretical Mechanics 

Welabach, J., and Herrmann, G. Mechanics of Air Machinery 

Welch, W. Correct Lettering... iln I'r.-ss.) 

Wells, M. B. Steel Bridge Designing avo, 

Weston, E. B. Loss of Head Due to Friction of Water in Pipes 

Weymouth, F, M. Drum Armatures and Commutators... 

Wheatley, 0. Ornamental Cement Work flvo, 

Wheeler, J. B. Art of War . . 

- — Field Fortifications 



1 



*i SO 

•o 5« 
•a 50 



■7 so 
'3 75 
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Whipple, S. An ElemenUry and Practical Treatise on Bndfe 



8t«, 3 00 

White, A. T. Toothed Gearing lamo, *i 15 

White, C. H. Methods of Metallnrsical Analjrsis. iVan Nostrands 

Textbooks.) luna, 250 

Wilcox, IL M. Cantilever Bridges. (Science Series No. 25.^ iGmo, o 50 

Wilda, H. Steam Turbines. Trans, by C. Salter lamo, 1 25 

Cranes and Hoists. Trans, by C. Salter iimo, i 25 

Wilkinson, H. D. Submarine Cable Laying and Repairing 8to, *6 00 

Williamson, J. Surveying Svo, *s 00 

Williamson, R. S. On the Use of the Baromete*- 4to, is 00 

Practical Tables in Meteorology and Hypsometery 4to, a 50 

Wilson, F. J., and Heilbron, I. M. Chemical Theory and Calculations. 

12010, *i 00 

Wilson, J. F. Essentials of Electrical Engineering Svo, *3 50 

Wimperis, H. E. Internal Combustion Engine Svo, *3 00 

Application of Power to Road Transport lamo, "^i 50 

Primer of Internal Combustion Engine i2mo, *i 00 

Winchell, N. H., and A. N. Elements of Optical Mineralogy Svo, *3 so 

Winslow, A. Stadia Surveying. (Science Series No. 77.) x6mo, o so 

Wisser, Lieut. J. P. Explosive Materials. (Science Series No. 70.) 

i6mo, o s^ 

Wisser, Lieut. J. P. Modem Gun Cotton. (Science Series No. 89.) . i6mo, o so 

Wolff, C. E. Modem Locomotive Practice Svo. *4 20 

Wood, De V. Luminiferous Aether. (Science Series No. Ss)...i6mo, o so 
Wood, J. K. Chemistry of Dyeing. (Chemical Monographs No. 2.) 

i2mo, *o 7S 

Worden, E. C. The Nitrocellulose Industry. Two Volumes Svo, *io 00 

Technology of Cellulose Esters. In xo volumes. Svo. 

Vol. VIII. Cellulose Acetate ♦$ 00 

Wren, H. Organometallic Compounds of Zinc and Magnesium. (Chem- 
ical Monographs No. x.) i2mo, *o 75 

Wright, A. C. Analysis of Oils and Allied Substances Svo, *3 50 

Simple Method for Testing Painters' Materials Svo, *2 50 

Wright, F. W. Design of a Condensing Plant lamo, *i 50 

Wright, H. E. Handy Book for Brewers Svo, *$ 00 

Wright, J. Testing, Fault Finding, etc., for Wiremen. (Installation 

Manuals Series.) i6mo, *o 50 

Wright, T. W. Elements of Mechanics Svo, *a 50 

Wright, T. W., and Hayford, J. F. Adjustment of Observations. . .Svo, *3 00 

Young, J. E. Electrical Testing for Telegraph Engineers Svo, *4 00 

Zahner, R. Transmission of Power. (Science Series No. 4o.)..i6mo, 

Zeidler, J., and Lustgarten, J. Electric Arc Lamps Svo, *2 00 

Zeuner, A. Technical Thermodynamics. Trans, by J. F. Klein. Two 

Volumes Svo, *S 00 

Zimmer, G. F. Mechanical Handling of Material 4to, "^lo 00 

Zipser, J. Textile Raw Materials. Trans, by C. Salter Svo, *5 00 

* Zur Nedden, F. Engineering Workshop Machines and Processes. Trans. 

by J. A. Davenport Svo, *a 00 






D. Van Nostrand Company 

are prepared to supply, either from 

their complete stock or at 

short 'notice, 

Any Technical or 

Scientific Book 

In addition to publishing a very large 
and varied number of Scientific and 
Engineering Books, D. Van Nostrand 
Company have on hand the largest 
assortment in the United States of such 
books issued by American and foreign 
publishers. 



AH inquiries are cheerfully and care- 
fully answered and complete catalogs 
sent free on request. 
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